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Abstract

Recent years have witnessed significant material stock accumulation within built
environments, resulting in substantial envirantal issues, such as greenhouse gas
emissions, toxic or harmful wastes, resource scarcity, and land use conflicts. Quantitative
analysis of iruse material stocks is important for assessing resource appropriation,
improving the soci@conomic metabolismodel, and enhancing adaptive capacity to
climate change. This research presents a betjoi@1S spatial approach for modelling in
use road and building material stocks in Grenada, a small island state. LIDAR data were
applied to the estimation of buildirgpights and building stocks to improve current material
stock accounting approaches. A 3D wedsed application was developed to visualize
material stocks in 3D building models and to enhance the understanding of the spatial
distribution of material stock In addition, a comparative review was conducted to compare
the methodological approach, results, and conclusions of this study with previous material

stock studies in Grenada.

Results of this study indicate that in 2015, 4,375 kilo tonnes (40.96 &apit
materials were stocked within Grenada road networks, which were abetltimhef that
accumulated in buildings and accounted for a large share (24%) of total material stocks.
Aggregates stocked within road networks occupied the largest propdrstocks,
contributing to 55% of total aggregate stocks. The considerable amount of road stocks
supports the important role of materials stocked intmaifding infrastructure in the context
of small island states. A large proportion of road stocks wengnalated in the lovlying
coastal areas, which are highly vulnerable to sea level rise. It is predicted that a sea level rise
of 2.0 m would cause the majority of road stocks (over 18,187 tonnes) along the coastline of

St . Georgebs Harbour to be inundated

In terms of building material stocks, this study combined GIS footprint data with
LiDAR elevation data to obtain the building height for each building, finding that compared

with height assumptions based on occupancy classes, L-ti¥iRed height estimaswere



closer to ground truth heights aocouldbetter represent the heterogeneity among buildings.
The study for the sample site of Grenada (St
inaccurate clasbased height assumptions resulted in about 4.8%esEstimation in

building stock estimates compared to using LiDA&ived heights. The most discrepancy

was found in concrete since concrete is the main material used in building construction. 3D
building models in CityGML format and a 3D WebGIS applicatoiit on top of ArcGIS

API for JavaScript were developed for Grenada integrating material stocks with the 3D city
model. These 3D products can provide policy makers and practitioners with a new
perspective and additional insights into material stockseaatle the public to access
proprietary GIS data and material stock information through aftisadly interface. This
research serves as a pilot for assessing a novel methodology for estimating building-and non
building material stocks in the contextsrhall island states. The methodological approaches
and results detailed in this research can further aid small island states in better assessing

resource appropriation and evaluating their adaptive capacity to climate change.

Keywords Material Stock Analsis (MSA), building stock, road stockeographic
Information Systems (GlShottonmtup, socieeconomic metabolisngmall island statg
Light Detection and Rangin@.iDAR), 3D city mode| 3D WebGISapplication
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Chapter 1

|l ntroducti on

1.1 Introduction

Materialized affluent life is maintained by massive natural resources extraction. Extracted
raw materials accumulating in buildings, infrastructures, and machines becosermaterial
stocks. lnuse material stocks support the operation of a semdmonic systemand ultimately
flow back into the natural environmeMaterial stocks play an important role in socioeconomic
metabolismwhich refers to the set ofiaterial and energjows within and between societies
(Pauliuk & Hertwich, 2015)Material stockshape resource flovekiring the states of
construction, use, maintenance, and disp(Wadenhofer, Steinberger, Eisenmenger, & Haas,

2015y t herefore, playing a key role in a societ

It is estimated thatom 1900 to 2010global mateial stocks increased 28Id due to the
rapid development of human society dhdeconomy(C. Chen, Shi, Okuoka, & Tanikawa,
2016; Krausmann et al., 201Bignificant stock accumulation in the built environment has
exerted great pressure the natural environment considering the massive resource extraction,
intensive energy demand, and high greenhouse gas emissions (Krausmann et al., 2017; Nguyen,
Fishman Miatto, & Tanikawa, 2019)Sustainabl@and productive resour@xtraction, use, and
disposahecessitate the quantificatiand mappingf material stocks that exist within so€io
economic system@®e Kroon, 2020; Nguyen, Fishman, Miatto, & Tanikawa, 20B&8ographic
Information Systems (GIS) is an effective and commarslgd tool to conducpatiotemporal
materialstock analysigSymmes et al., 2019; Tanikawa & Hashimoto, 2089)employing GIS

and spatial datasets, the material stocks database can be created to store and present how stocks



are spatially distributed and located, and hogytbhange over timgNguyen et al., 2019;
Symmes et al., 2019)

Although there are growing numbers of studies focusing on the material stocks and
material flow analysis using GIS, few publications have taken the material stocks of non
building civil infrastructure into consideratigiarcellusZamora, Gallagher, Spatari, &
Tanikawa, 2016; Miatto, Schandl|, Wiedenhofer, Krausmann, & Tanikawa, 201yeigtal.,
2019; Symmes et al., 2019; Tanikawa & Hashimoto, 20889pne of the keponbuilding civil
infrastructure transportation isn important indicator to measuhe economic development and
the quality of social lifeNeverthelessfew Materal Stock Analyses (MSAhave taken into
account road networks in thetockestimates, which iparticularlyproblematic for developing
countriesas these countriemntinually constructnew roadgo enable the rapid expansion of
urban areas armromotethe developmenof variousindustries. As such, materials stocked in
roads can beanportant More studies are required to investigate road stocks in the context of
developing countries, as well as in the contexdroéll island stat. Moreoverdue to the lack
of acadastratiatabase, developing countries anthall island stateoften have difficulties
estimating the gross volume of buildings when calculating existing building material stocks
(Lanauet al., 20195ymmes et al., 2019This causes potential errors in the final database and
stock estimates. To reduce such errbight Detection and RangingiDAR) data could be
used. LiDARisa remote sensing technology that uses |
a 3D perspectiv€Suomalainen, Wang; Sharp, 2017)With the availability of LIDAR data, it
is possible to estimate building heights with higher accuracy and to improve current material

stock databases of developing countriessandll island states
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Most material stock estimates arpaged in the form of static maps or tabular statistics
outputs. Few studies have applied dynamic and interactive interfaces, such as at&i3edeb
GIS, which could provide policy makers and practitioners with a 3D visualization tool for
assessing matetistock management and improving city plannf@g Chen et al., 2016;

Koziatek & Dragilevil, 2017; Tani kawa & Hashi

To address such research gaps, this thesis presentsbasa®ottomup material stock
accountingapproach for amall island staté.e., Grenadao quantify and map building and
nonbuilding material stock@.e., road stocks). This new methodological approach can help
improve the accuracy of current material stock accounting for Grenada by adding road stock
estimation to the database and apphif@AR data to material stock estimatidn.addition,
this study integrates material stoéksa 3D city model and develops a 3D WebGIS application
to allowpolicy makers ang@ractitionergo visually assess material stocks from a 3D perspective

and proviae the general public with access to the complex material stock geodatabase
1.2 Literature Review

1.2.1 Socio-economic metabolism and material stocks

The concept of socieconomic metabolism (or social metabolism) has become an
importantpartof sustainability scierein recent yeargHaberl, Wiedenhofer, Erb, Gag, &
Krausmann, 2017}t is rooted in the concept of biological metabolism edefined as get of
material and energy flowthat link the societyith nature and maintain the operation ¢foio
economic systerGonzdez de Molina & Toledo, 2014a; Krausmann, 2018)e socie
economic system has the system boundary which defines the extent of the system. Anything
inside the system boundary is considered to be don{éstherKowalski & Hiitler, 1998).
Socio-economic metabolism starts when the society extracts the raw materials from nature (inpu
flows) and ends when the wastes and emissions are disposed back to nature (owgput flow

Between these two processes, there is a process in which the materials circulate and end up being
3



consumed again (inner flokgonzdez de Molina & Toledo, 2014bFigurel.1showsa general
diagramdemonstratinghe components and relationships that deBoneiceconomic

metabolism.

Services
(Commercial, Residential, etc.)

t Provides

! ‘.«/ In-use Material Stocks \\‘ | = >
Virgin Materials (Imports)
Expansion, Other Stocks Wastes !
maintenance, Inputs Emissions :
Virgin Materials replacement -
(Domestic) Building Stocks Recycled Construction

Domestic

{ hY
.

‘ Road Stocks Materials

-‘\‘\\‘7 7-)//.‘
FigulL.&otgeicoonomi ¢ met abol i s(mmocdoinfcieepdt ufarlo md i Caeg r K
Krausmann, 2018; W edenhofer et al., 2015)

Virgin materials flow into the socieconomic system for the construction and
maintenance of the built environment and becomgsimagrial stocks (MS). lfruse material
stocks (e.g., buildings, infrastructures) support the operation of the system by offering large
numbers of services, such as shelter or dwelling, transportation, recreation, and communication.
The quantity and quality dhese iruse material stocks determine the quality of services and
shape the resource flevduring the states of construction, use, maintenance, and disposal
(Fishman, 2016; Gordon, Bertram, & Graedel, 2006; Wiedenhofer et al., 20Es¢fore,
gaining a better understanding and improving the managemenuséimaterial stocks are

highly important f or mencpau Howevgrarany sourdriessdomoa b | e



consider material stock management, especially for developing countries, where rapid
urbanization may be occurring. The increase of aging buildings and facilities, the immature
organization for maintenance, the ity of data, and the intensive investment for fast
infrastructure development pose significant challenges for sustainable devel¢pzrama,

2008; Yashiro, 208). Therefore, it is necessary to better understand material stocks for
improving stock management, conducting material stock analyses, and developing detailed and

accurate material stock databases.

1.2.2 Existing material stock accounting and analysis approaches

Material stock accounting and analy8i#SA) is an industrial ecology method that aims
at investigating materials stocked within the semtonomic systerfDe Kroon, 2020; Fishman,
2016; Liu, Chen, Lin, & Gao, 2019l quantifies variousnaterialsat different levels of detajl
studies the spatigkemporal patternsf materialsandexamines the end uses of materials
(Fishman, 2016; Liu et al., 2019 previous MSA research, two main types of analytical

approaches angsed top-down andbottomup approaches.

1.2.2.1 Top-down approaches

Top-down approaches start from an aggregated Ewtjuantify materialstocks as the
sumtotal of net additions tanaterialstocks (NAS;Augiseau & Barles, 2017; Kavgic et al.,
2010) They place the emphasis on the material flows over time and are also referred to as
Adynamia¢ ysi so0. Ther e a+davnapproachesafiowrivest r eams of
accounting and demasdtiven modelling(Fishman, 2016; Kavgic et al., 2016)ow-driven
accounting uses materialput and output data to calculate NAS and remainingsan materials
at a single point in tim@ishman, 2016; Symmes et al., 2QIB)is approach allows for building
a series of material stock accounts over time and even predicting future a¢E@imtsan,
2016) Miler, Wang, Duval,andGraedel2006)used the toglown approach to analyze the
historical development of iron flows and storayer the period 19G@2004in the US The

5



domestic production data and import and export flow data were estimated fited Nations

trade statistics and statistics from different manufacturing sectors. The output data was estimated
using the lifecycle assessme(Y. Zhang, 2018)Similarly, Hatayama, Daigo, Matsunand
Adachi(2010)depicted the iruse steel stock in 42 nations by the end of 2005 and predicted the
steel stockn 45 years by emplogg the dynamic material flow analysis approddall et al.
(2021)conductedhe material and energy flow analysighe context of islandsnd developed
completetime series (1922019) for socioeconomic biophysical stocks and flowthe Greek

island of Samothrakirheyintegratel data frommixed sourcege.g.,official statistics, local

surveys, and previously stoflow studies) to estimai@nd analyz¢he dyramics of

socioeconomic biophysical stocksaterial and energy use, and processed output for waste and

emissions

Compared with flowdriven accounting, demasttiven modelling takes socieconomic
indicators into consideration and focuses on modellingiémeand for materials over time
(Fishman, 2016)The demand for materials is measured using the batmapproach
(explained in the next subsection) and the outflow from stock is modelled in the same way as the
flow-driven method. This approach allows for various futuoelssimulations and linking
material stocks to socieffrishman, 2016Miler (2006)conducted a case study in the
Netherlands showing how tetermire resource demais@ndmaterial outflowsy linking the

life of materials ta¢he population and its lifestyle

The limitations of topdown approaches include difficulty in obtaining historical data for
material flow analysis andgarying dataquality and reliability due to different data sources,
which results in challenges in cooitmg the quality of resulting estimates. Dematrdzen
approaches require soeszonomic indicators for different enude types, which are even more
difficult to obtain(Fishman, 2016; E. Miler, Hilty, Widmer, Schluep, & Faulstich, 2014;

Symmes et al., 2019)



1.2.2.2 Bottom-up approaches

Bottomup approaches start from a disaggregated level. They are built up from the
inventory of enduse objects and aim at creating an account of the stateiséimaterial stocks
(Kavgic et al., 2010; Tanikawa, Fishman, Okuoka, & Sugimoto, 2015). Sisaésproduced
by bottomup approaches are independent from time andssentialli s napshot so of m:
stock accounts, bottownp approaches are alsgferredtoasi st at i ¢ anal ysi so ( Fi
Bottomup approachesomputethe totalamount of ertain types of materialsy multiplying the
amount of materialstockedn each unit by the total number of wiGuo, Hu, Zhang, Huang,
& Xiao, 2014). The amount of a certain type of materials in each stock unit is called the material
intensity coefficent (MI) or material composition indicator (MCI). Ml varies across different

structures/objects but is shared witthie sameype or group of structures (Fishman, 2016).

A study conducted in Germany by Ortlepp, Gruhler, and Schiller (2016) extrapolated
non-domestic buildingnaterial stock usingthe bottorrup approach. They classified the non
domestic buildings into seven types and determined the MCls for each type based on official
statistics and existing case studies. The total floor area of builesgy$erived from economic
data on the total amount of physical assets. Total material stecksalculated by combining
MCls with the total floor are&ingh,Grinbthel, Schandl,andSchulz(2001)conducted the first
locatlevel material stock study on Tiket Island and used the bottamp approach to establish
the localmaterialstock account for two years (2000 and 200hey classified existing
infrastructure (e.g., concrete buildings, outhouses, traditional huts, wells, footpaths, etc.) on the
island nto ten types and developed the material intensity typology from the representative
sample. The built area (i.e., physical size) of the structures was measured manually and the total
stocks on the island were calculated by multiplyingbyithe physical gie of the structuresn
addition to using statistical data on assetsonducting fieldworko estimate the total floor area
of buildings or physical sizes (e.g., total area or volume) of structures, research now uses spatial

data (or geodata) in Geoghap Information Systems (GIS) to conduct estimations (Gontia,
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Naeli, Rosado, Kalmykova, & Osterbring, 2018; Ortlepp et al., 2068% refers to a computer

system that gathers, manages, processes, analyzes, and presents spatial data (i.e., data referenced
to | ocati ons Qrtteppketal, POAGGES teshmiquesaenable researchers to

conduct analysis at different scales, create flexible material stock accounts, understand the spatial
distribution, and compare material stocks over space andltemeetal., 2019) For example,
HanandXiang (2013)used GIS in analyzing the material stock accumulation over 30 years in
China. They examined the temporal changes and spatial patterns of stocked materials in different
provinces during 1972008 using GIS and explored the driving factors behind the bpata

temporal patternganikawa et al(2015)built along-term material stockccountof Japan using

the GIS database to show how material stocks in different prefectures accumulated over time.
Another research study conducted in Japan applied GIS databases and statistics to quantifying
and mapping losses of building and road stocks from the earthquake and tsunami in 2011

(Tanikawa, Managi, & Lwin, 2014)

Bottomup methods can provide detailed stock accounts but are limited in terms of
information about material flows and the age of stock. Moreover, these methods are often time
consuming since extensive spatial datarequiredFishman, 2016, anauet al., 2019E.

Miler et al., 2014; Ortlepp et al., 2016; Symmes et al., 20T8¢ praess of data collection

also introduces uncertainties. Multiple data sources may be used so the accuracy and standard of
different data may vary. It may be necessary to calculate and derive MIs/MCls from design
documents, while the overall process canusegptible to human errdfor this study, the

bottomup approach is used because it is more suitable for examining the current state of

material stocks of a country that has limited historic construction datasets available and for the

integration of GIS ad remote sensing techniques.



1.2.3 Material stock accounting in the context of islands and the integration of

LiDAR data

Although increasing numbers of studies used-BdSed bottorup approaches to
examinedifferent types of material stocks at different ssafew studies have focused on
material stocks ismall island stateSmall island stateare a group of island countries sharing
similar sustainability issues, such as the narrow resource bases, high dependence on material
imports, rapid developing spgeand the vulnerability to globatale force¢Ghina, 2003;
McCarthy, Canziani, Leary, Dokken, & White, 20@ymmes et al., 2019; Thomas, Baptiste,
Martyr-Koller, Pringle, & Rhiney, 2020)Thesdssues necessitate the implementation of
efficient and sustainable extraction, use, and disposal of natural resomnoels depends othe

guantification and estimation of material stocks that exist wii&mdsociceconomic systems.

As mentioned in the previous section, bottomapproaches calculate the material stock
amount based on two main databasies physical size of the @gjts and the MI/MCI specific to
each objec(Gontia, Naeli, Rosado, Kalmykova, & Osterbring, 201Bpwever, these
databases are not available in many countries or eeguong period of time to collect and
develop, especially for nelouilding infrastructuresvhich have diversified functions and
componentsl(@nauet al., 2019)Thus, research on material stock accounting and analysis is
limited for small island statesind nonrbuilding infrastructures, such as roakaye seldombeen
taken into consideration in current material stock accourgmafl island state@\ugiseau &

Barles 2017 Bradshaw, Singh, Tan, FishmanR®tt,202Q De Kroon, 2020Miatto et al.,

2017; Nguyen et al., 201Symmes et al2019. Previous studies on road stocks mainly focused

on some of the worl dos (GQua HugZhang, Hlwangp&n¥iae, 2014 uc h a
Han & Xiang, 2013) Japar(Tanikawa et al., 2015, 2014)S (Miatto et al., 2017)and EU25

(Wiedenhofer et al., 2015pPnerecent study analyzed the material stock of roads in Vietnam,

which showcases the possibility and feasibility of road stock accounting in a developing country

(Nguyen et al., 2019Noll, Wiedenhofe, Miatto, & Singh, (2019applied the bottorup stock
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driven approach to the dynamic modelling olise stocks in the context of an island (the Greek
island ofSamothrak)i from 1971 to 2016They estimated the materials stocked in buildings,
roads, portsand the sewage system and modelled the material fidated to the construction,
maintenanceand demolitiorprocesses. Both Nguyen et al. (2019) and Noll et al. (2019) used
reported statistics from official or unofficial sources to estimate the @iysie of roads instead

of using GIS technique$lore studies need to be conducted exploring developing countries and
specifically, small island states, and GIS techniques should be utilized to imprepatia
resolutionand strengthen thenderstandig of the compositioand spatial distributioof

material stocks, especially ndmilding stocks

Limited data availability and resourcessimall island statesot only limit the type of
material stock analysis but also introduce uncertainties to the current material stock accounting
approach fosmall island stateg\s explained in the previous section, the bottgrapproach
calculates the material stock by tipilying the Ml by the physical size of the structure. In terms
of roads, the physical size is dictated by length or area, which could be derived from GIS data,
government statistics, design standards, or fieldidiktto et al., 2017; Nguyen et al., 2019)
In terms of buildings, the physicsize could be represented as ghessfloor area (GFA) or
grossvolume (GV). GFA could be calculated from building footprints and GV requires both
floor area and building heigkBtephan & Athanassiadis, 201Using GFA assumes that the
building height, as well as the building structure, are the same or similar wihaciic
occupancy class. This assumption is generally acceptable for areas with high homogeneity or for
making an estimation at a large sodde Kroon, 2020; Stephan & Athanassiadis, 2017)
However, GFA ignores the vertical assemblies and ¢berbgeneityamong buildings, which
affects the accuracyf the physical size estimation and material stock account estimates
(Schebek et al., 2017; Stephan & Athanassiadis, 2@\ can better capture the building
geometry and possibly improve the accuracgnaterial stock estimates. If building height

information is available, researchers would tend to use GV rather tharfSeRhébek et al.,
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2017; Stephan & Athanassiadis, 2017; Symmes et al., 28&9¢rthelessbuilding height

information is not available in many study areas, especially in developing countries or small
islands, since LIDAR data collection, processing, and management can becarisnening and
expensive endeavor. Therefore, only GFA was considered in previous material stock studies for
small island statef\lthoughsmall island stateare increasingly westing in LIDAR data

surveys and inquisition, they often do not know how to process or utilize such large datasets. The
increasing availability of LIDAR in developing countries may be used to adjust and enhance

material stock accounting estimates.

Light Detectionand Ranging (LiDAR)has proven to be a powerful remote sensing
technology with a range of applications for analyzing civil infrastruciine.inherent 3D nature
of LIDAR data (i.e., LIDAR point cloud) enables them to be utilized in the 3D cantistnuof
city objects, such as buildingabdullah, Awrangjeb, & Lu, 2014; Alexander, Smitfoysey,
Jarvis, & Tansey, 2009; Kaye Villanueva et al., 2015; Park & Guldmann,.208@gLiDAR
data to estimate building heights requires the definition of building edges or boundaries (i.e., the
extent of each building). Building edges can be extracted from satellite images and/or LIDAR
data, but these methods are not \efficient. Using «isting building footprint polygons as
building edges could highly reduce tt@mputationalnd labour cost, especially when
generatindargescalebuilding models(Abdullah et al., 2014; Alexander et al., 2009; Lingfors et
al., 2017; Mishra & Zhang, 2012; Xiong, Ouliberink, & Vosselman, 2016)

When utilizing footprint polygons as building edges, LIDAR points within footprints can
represent building rooftops and building heights can be obtained from these 3D height
measuremeni@lexander et al., 2009However, the points within footprints can vary in
accuracy due to various sources of error. Irrelevant points that represent the grouaddcars,
small indentations can potentially be includéevrangjeb & Fraser, 2014; Park & Guldmann,

2019) Extraneous objects, such as trees, chimneys, and spikes that hang over rooftops may also
introduce a source of noigdmolins, 2016; Awrangjeb & Fraser, 201Mjoreover, the LIDAR
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aircraft not only scans the tops of objects but also scans the sides, including parts of building

walls (Park & Guldmann2019)

Therefore, the critical challenge in this methodology is to remove irrelevant points and
extract only those that coincide with rooftops for estimating building heights. Some studies use
buffer analysis to identify noises and to remove themexample Qiu et al.(2010)created
smaler buffers inside the footprint boundary to exclude extraneous points from surrounding
ground and walls and used the median height of points inside the buffer to represent the rooftop
height. The problem with such methods is that they cannot effectivélgaurately remove all
errors, especially noise within footprints (e.g., skyscrapers, traegjng objectsetc.) or noise
from neighbour footprints that border the current footprint. Park and Guldmann) (#0%8d
that using the footpriAbuffer mettod could introduce even higher errors into height estimates
compared to not using any methods at all, especially when the accurate ground height is not
available. Some studies use specified criteria to filter out irrelevant points; for example,
AwrangjebandFrasen(2014)used differences in heights as a rule and removed points that had
greater differences relative to the average of neighb¥ilanueva, Ang, InocencicgndRejuso
(2015)used height, slopegirainruggednessand area as criteria to separate points other than
those on rooftops. A downside of suchthwals is that it is difficult to decide on a suitable
threshold based on the study area that would omit erroneous points while capturing those that
coincide with actual rooftops. Decreasing the threshold may include excessive irrelevant points,

while incraasing the threshold may misclassify outliers within the footprint as rooftop points.

Park and Guldmann (20LBitroduced an improved and generalizable methodology that
uses a machine learning technique called random foret¢RRssify the LIDAR pointloud
The points were classified as roof, wall, high outlier, and ground, based on several
measures/features (e.g., point features, footprint features, anehpmghbour features) of
training data. The median or mean heights of rooftop points sertbd bsilding heights. The
results of their study demonstrated that using a RF classifier to classify the point cloud can
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improve the accuracy of height estimates; however, this method is based on the ground truthing
of the training samples in order toitrand test the classifier. The sampling of ground truth

points requires highesolution orthorectified aerial images, street views, and 3D imagery to
identify points of different classes, which is not feasible for some study\aitbasnited data

availability .

1.2.4 Vulnerability of transportation infrastructure in the context of island and sea

level rise vulnerability mapping

Sea level rise (SLR) and extreme weather events have posed a large threat to the
livelihoods and the sociecological system of island natio(i2etzold& Magnan, 2019; United
Nations Framework Convention on Climate Change (UNFCC), 2@07dng all nations which
suffer from the adverse effects of climate chaisgeall island statesre the most vulnerable due
to ther remoteness, low availability of resources, high civil infrastructure costs, and
susceptibility to natural disastgiiderschroth, Miatto, Weyand, Tanikaw& Schebek, 2020;
United Nations Framework Convention on Climate Change (UNFCC), 2007; United Nations
Framework Convention on Climate Change (UNFCCC), 200&)small island stateis the
Caribbean, it is reported that ttiepical cycloneseason ir2017 has caused over $5.4 billion
USD economic loss in only five of the affected countries. Approximately three million people
were displaced in 16 countri@SCLAC, 2018; Internal Displacement Monitoring Centre
(IDMC), 2018; Thomas & Benjamin, 2020n addition, as one of the maagonomic sectorsfo
small island stateshe tourism sector is now facing the threat of global sea level rise (SLR). It is
estimated that 29% of the respropertiesn 19 Caribbean Community countries would be
partially or fully exposed to 1 meter SLR and over 49% oféisert properties would be

affected by beach erosig¢8cott, Simpson, & Sim, 2012)
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1.2.4.1 Vulnerability of transportation infrastructure in the context of island states

Among all the aspects of life small island statestransportation ithe sector that is
highly sensitive and vulnerable to risks from climate chgbgetad, 2014; World Bank, 2017)
Due to the unique spatial characteristicsrofll island statesarge quantities of transportation
infrastructure and related operations lacated in disastgorone areas close to the shoreline,
which are vulnerable to extreme weather events and sea level rise. In a disaster event,
transportation disruptions can obstruct access to critical sefeigceswater, electricity, health
clinic, waste management, etand result in massiv&cioeconomic losse@JNOPS &
Univerisity of Oxford, 2020/ orld Bank, 2017, 2019)he lack of alternative transport options
in small island statesan also impede the disaster relief and recovery pr¢éésdd Bank,

2019)

Constrained by the limited availability of financial and human resousoes] island
statedack the capacity to assess vulnerability and build adaptation and resilience in terms of
coastal transportation infrastture(UNCTAD, 2018) Therefore, it is necessary femall island
statedo carry out vulnerability assessments to identify coastal areas at risk and to develop
adaptation plan@vionioudi et al., 2018) V u |l n e r a b thé dedree to whidch systeams are
susceptible to, and unable to cope with, adverse imp@etsC, 2007 p.48. Previous research
has conducted some analyses assessing the vulnerabdihatfisland state® scenarios of
climate change; for exampl8cott et al(2012)assessed the vulnerability of Caribbean coastal
tourism to SIR by overlaying the inundated coastal pixels in Digital Terran Model (DTM) with
coastal resort locationslonioudi et al.(2018)evaluated the potential climate impacts on coastal
airports and seaports in Jamaica and Saint Lucia undeNashé&cific warming level condition.
Giardino, Nederhoff, and Vousdoukas (20&8%essethe effects of floodingnd coastal erosion
onthe island of Ebeye (The Republic of the Marshall Islantls¢y estimated the expected
damages and affected people undettiple hazard®y combining inundation maps, exposure

data, land value data, and a degémage function desbing the relationship between flood
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depths and damagd3espite a growing humber of studies dedicated to assessing climate impacts
on different aspects small island statedew of them have focused on socioeconomic

metabolism and material stocks, esially stocks within the transportation infrastructure, such

as roads. Even fewer studies generated detailed vulnerability maps with high a¢Cousr,
Fletcher, Chen, & Barbee, 201@pnioudi et al., 2018; UNCTAD, 2018pymmes et al2019)
analyzed the vulnerability of building material stockextreme weather events and SLR

scenarios in Grenadane of the small island stat&milarly, Bradshawet al. (2020) assessed

the vulnerable building stocks under 1 m and 2 m SLR scenar@ostimersmall island state,

Antigua and Barbudaviaterial stocks in roads were not assessed in these two sindiése

Digital Elevation Models used were in coarse horizontal resolution and had high vertical

uncertainties.

1.2.4.2 Sea level rise vulnerability mapping

Sea level rise (SLR) as one of the major effects of climate change has aroused
international awareness in recent ygdsnura & Horikawa, 2013) The accelerating rate of
SLR compels researchers to generate accurate vulnerabitisk assessments and
comprehensive adaptation plgooper et al., 201 Ziardino et al., 2018 SLR vulnerability
mapping is a type of hazard risk mapping utilizing GIS techniques to show assets at risk.
Generating rgable SLR vulnerabilitymapscan helpdentify sensitive areasissess the expected

damages and affected populatiand improve planning faesilientinfrastructure

Current vulnerability mapping famall island stateis mainly based on global DEMs
with coarse resolution such 8bkuttle Radar Topography Mission (SRTMEM, Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASGBEEM, andGlobal 30 Are
Second ElevatioGTOPO30;Ryan Sim, 2011; Scott et al., 2012; Rob Symmes et al., 2019)
Someof the DEMs are integrated witlight Detection and Rangin@.iDAR) products to gain
higher resolution and accuracy (such as the DEMhi®main island of Saintikicent Knowles

et al., 2015)However,due to the limited accessibility of LIDAR datasmall island stateshe
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majority of the DEMs are in coarserizontal resolution (e.¢p m, 10 m30 m) which

introduces more mappirgrors and is not suitable fgenerating detailed vulnerabilitpgaps

(Cooper et al., 2013; Kettle, 2012; Martgoller, Thomas, Schleussner, Nauels, & Lissner,

2021; K. Zhang, Dittmar, Ross, & Bergh, 201The lack of metadata for the DEMs fmnall

island stategs another sowe of uncertainty in the final products. In recent years, increasing

numbers of local governmentssrhall island statelsave realized the benefits of LIDAR

products and have flonniDAR surve at the national scale. Access to LIDAR data is

increasingly lecoming a possibilityTherefore, to improve the quality of the SLR mapping in

small island state®EMsor DTM derivedf r om Li DAR &égroundd usedt ur ns
by decisiommakers to identify higlesolution SLRvulnerableareasand formmanagement

guidelinesmore effectively.

To accurately map SLR, the ground surface and the water surface are needed. The ground
surface refers to DEM or DTM and serves as the base layer for mapping inundation. The water
surface refers to the interface betm water and air and represents the original sea(lévattal
Services Center, 2012)he water surface can be derived from existing water models,
interpolatedvatersurfaces or single value water surfac@oastal Services Center, 2012)

Existing water models are the hydrodynamic models and wave models developgdevmus

tide gaige observationduring past extreme weather events. These models are available for
many developed countries (e.g., SLOSH model for the U.S.) but et island states

(Coastal Services Center, 201®jater surfaces interpolated from known data points (e.g., water
level and tide gauges) are a second available option but for snaed/island statesuch as
Grenada, wio-date and detailed water level data may not ¢€ietistal Services Center, 2012
Giardino et al., 2018 Thus, a third option is to create a single value water surface, which
represents the water level for an entire study area. This single value can be obtained from
atmospheric models, measurements from tide or water level gauges, or other empirical models

(Coastal Services Center, 201%jith the single value of water surface level, the flooded or
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i nundated zones can be identifigidcelli®l | owi ng

identified agnundated if itsheight is below the given sea level scenario and is hydrologically
connected to the s€Breili, Simpson, Klokkervold, & Ravndal, 2020; Gesch, 200%je

Abat ht ubo a p psedmaocadial inusdation n@ping/because of its simplicity and
low computational costlowever, this simplistic method ignores the integrated and dynamic
responses of the hydrodynamics, coastal morphology, and marsh ecology to SLR, which may
affect the accuracy of the inundation mapping at local s¢@tedli et al., 2020; Passeri et al.,

2015)

1.2.5 3D city model
3D city models have become increasiecsgl y
including visualization for navigation, 3D cadastre, urban planning, communication of urban

information to citizenry and other nesisualization or visualizatiobased application@iljecki,

a

m

Stoter, Ledoux, ZIl atanov a,Acé@nprelfenhsivemdkstateof- 2015 a;

the-artreview of diverse3D city models applications was providedBijecki et al.(2015) As

discussed irbection 1.2.1 mat eri al stock management s crit

development. The integration of 3D city models and a material stock database could be a new

application that visualizes n&atal stocks spatial distribution from the 3D perspective, assesses

vulnerable material stocks, supports material stock management, enhances decision making, and

strengthens the communication of material stock information betwmeaeicipaladministrations

and citizens.

Currently,the CityGML standard is the most critical international standard and exchange
format for 3D geospatial dafaJ a n e | k Kclassi#ligs 1h® gpatial objects into five
standardized Levels of Details (LoDs) based omgoy. Since buildings are the main objects
visualized in 3D in this studyhe main types of 3D building models are described in Table 1.1

below.
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Tabl eMdi.l:types of 3D building models accordin

stand&rdger, Kol be, Nagel, & Hafele, 2012; Gr
2019)
3D buil dijDescripti on
LoDO -2.5D Digital Terrain Model wit.h a ma
-Buil dings are shown as footprints po
LoD1 -Bl oskhaped building model with a cert
LoD2 -Buil di ngemoedeénting multiple roofs w
LoD3 -Bui |l di npgr entoidseell y refl ecting the real
LoD4 -Bui |l di npgr entoidseell y refl ectinmdg utdh @ gr & dle

Examples of the five LoDs are shown in Figure T}2e LoD1 model is the mostidely
used whiletheLoD2 or higherlevel models could be realized if further geoinformation is
available(Park & Guldmann, 2019; Xiong et alQD6). Researchers have also proposed the
LoD1+ model which has subdivisions in the building footprints and can represent different roof

heights(Park & Guldmann, 2019; Xiong et al., 2016)

(a) LODo (b) LOD1 (c) LOD2 (d) LOD3 (e) LOD4

FigurEBi te2level of details (Gr°dgeil di ngk. de? 0
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Systems that support CityGML and 3D visualization do not have to be information
systems designed for the public. Such systems can deliver 3D city models but cannot be used
easily to interact with the models and to ask simple queries such as: how tabugddhey?

What is the name of the buildirfglick & Coors, 1998; McCord, Tonini, & Liu, 2018)To view
and explore ¢y models, users are required to have technical knowledge and access to
specialized software, which are not always posgHliek & Coors, 1998; Gkatzoflias, Mellios,

& Samaras, 2013)rherefore, developing a wddased application that does not require a large
amount of GIS knowledgfrom the side of users is an asset. The-lbaded GIS application
enables users to accgseprietaryGlS dataover the internet and interact with the 3D models
through a usefriendly interfacg(Gkatzoflias et al., 2013)t empowersnunicipal
administrationsand citizens to get close to 3D city models and comprehensive information (e.g.,
building information, material stock information, etc.), while encouragingic participatiorin
city planning.Although the internet provides the wbhsed Gl&pplicationwith accessibility

and interactive powers, tmeassiveamountof datatransmission could exestsignificant burden
on network connectiorand limit the application performan{@e Paiva & Baptista, 2009; Peng
& Tsou, 2003) Reducing the number of web transactions or the volume of data transmission
between servers and clients could aid inapplication performance but may trade away the

precision(Yang, Wong, Yang, Kafatos, & Li, 2007)

1.3 Research Goals and Objectives

A few studies have investigated material stocks usingliak®d bottorup approaches
in the context osmall island statefiowever, they did not take road stocks into consideration
and did not use actual building heights when estimating building stocks. In addition, previous
material stock research has not attempted to ineegnaterial stocks with 3D city models and
develop WebGIS applications to aid in visualizing the state of material stocks. Thidbthless

on previous research conducted by De Kroon (2020) and Symmes et al. (2019) and sets out to
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enhance their methodolp@nd estimates by incorporating road material stocks and to address
current research gaps. The research goals are to develop a more comprehensive material stock
accounting approach femall island stateand to develop a welbased product that integrates

3D city models and material stock estimates.

This thesis adopts a manuscript style, consisting of two manuscripts that will be prepared
for publication. The first manuscript (Chapter 2) intends to dewelgpSbased bottorup
approach for Grenada to qudy materials stocked in the road netwarkd assess vulnerable

coastal road stocks. The main objectives of this study areftiicke

1. To estimate inuse road material stocks in Grenaahal identify the spatial distribution

of road material stocks.

2. To assess the effect of including road material starktotal estimated material stocks

in Grenada.

3. To evaluate services associated with roads and assess road material stocks vulnerable

to potential sea level rise (SLR) in the future.

The second mamsgript (Chapter 3) seeks to investigate building material stocks in
Grenada from a 3D perspective by utilizing LIDAR data in material stetination andievelop
a 3D WebGIS application linking material stocks to 3D city models. The main objectives of thi

study ardour-fold:

1. To estimate building heights for individual buildings utilizing LIDAR data and

recalculate building material stocks.
2. To conduct an accuracy assessment of the building material stocks.

3. To develop 3D building models and a WdBGpplication to visualize the material

stock account of amall island statease study.
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4. To comparghe methodological approach, results, and conclusions of this study with

previous material stock studies in Grenada

1.4 Study Area

The study area is Grenadesmall island stateocated in the West Indies in the
Caribbean Sea (Symmes et al., 2019). It mearaa of 344 square kilometers and a population of
112,417 according to recent United Nations d@&arldometer, 2020)It consists othree
islands: the main island of Grenada (as shown in Figu@yeand two smaller ighds, Carriacou

and Petite Martinique. The main island of Grenada is the main study area.

The tertiary sectQrgenerallyreferred to as theervice sectgiis the most important
economic sector of Grenada. It accadfor 82.1% of GDP in 2017 and 81.8%2018
(Bradley, 2019; Donnelly, 2019)Vithin the tertiary sectothetravel andourism sectois a
leading contributorto GDBndc onst i t ut ed 4 0. Tm%020beforsGmeenadads Gl
COVID-19 islandwide lockdown(Caribbean Development Bank, 202G)r e nada s st r ong
solid economic performance in recent years is highly dependent on the continued growth in
tourism. In 2018, the figures for total visitorsdagxpenditure increased by 12.8% and 10.1%,
respectively(Donnelly, 2018, 2019)The tourism boom results in increasing investment in hotel
resorts and other accommodations. The materials imports have surged due to the construction of
these accommodati ons and other infrastructure

Universty (Donnelly, 2019)

Grenada is extremely vulnerable to the adverse impacts of climate dievayese oits
remoteness, limited resourcasdspecial socieeconomiccharacteristicéMerschroth et al.,
2020; United Nations Framework Convention on Climate Change (UNFCC),.200ighly
relies on climatesensitive socigeconomic activities. Most dhe important activities are
concentrated in the coastal areas since critical infrastructures and the majority of the population

are located along their coagkderschroth et al., 2020; Peters & Smith, 200heefore, ga
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level rise and extreme weather evgmise a serious threat teetlowlying coastal areas. It is
projected that due to beaahd shorelindoss,the reconstruction and recovery cast&renada
tourismindustrywill account forl2.4 % to 21.86 of GDP in 205@Simpson et al., 2010k

order to gain sustainable development and improve adaptive capacity to climate change, the
management of luse material stocks is necessary for Grenbproved understanding of the
guantity and distribution of material stocks on the island will enable better management of

material stocks and flows, which are relevant for sustainable development and planning.
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1.5 System Boundary and Data Source

Before estimating and analyzing material stocks, the system boundary of the socio
economic system should be established to define what is inside or outside ecencme
systemFor a country, the geographic boundary of the national territory is considered as the
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system boundary and anything inside the country boundary is considered domestic. Materials
that flow into the country are imports, while materials that leagedtuntry are exports. All
materials stocked within the system and being used by humans during a given time period are
considered to be inse material stock$erst & Graedel2008 Krausmann, 2018; Symmes et

al., 2019; Wiedenhofer et al., 201%) this research, the system boundary igyémgraphic
boundaryof the main island of Grenada, and the analysis focuses on a subsesefraterial
stocks: building stocks and road stocks. The types of materials for buildings include concrete,
timber,aggregate, and ste@haterials for roads include aggregate, ceneencretga mixture of
cement and aggregates, excluding roadbaat) asphaktoncretga mixture of asphalt and

aggregates, excluding roadbed)

To conduct material stock accounting and spatial analysis, spatial data including road
network vector datdgoundary vector data, building footprint data, building stock data, land
cover data, and elevation data were required. These spatial data were cleaned, checked, and
stored in a geodatabase for Grenada created in the previous @haie®on, 2020; Symmes et
al., 2019) Appendix A shows the full metadata catalog for this geodatabase. Majal s
used in this study are listed in Table 1.2. Road network data were used to classify the road
network and calculate road material stock. Building footprint data containing the building
material stock and service information were developed fromrthequs studie¢De Kroon,

2020; Symmes et al., 2018)d were used to recalculate and Viigeahe building material

stock integrating with LIDAR data. LIDAR data were also employed to develop the Digital
Terrain Model (DTM) for assessing vulnerable road stocks located along the coast. Road
network data, building footprint data, river datansportation port data, boundary data, and the

land use map for Grenada were the components of thdassa 3D maps.
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sour ces.

Dat a Ty p e Year |[Attri butes Extent [Sour ce
Road netwo|Shape|2015|Pol yline, gendgGrenad{Cari bbe:
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Gover nmg
Grenada
Building f{Shape|2014|Pol ygon, use tGrenad{CHARI M,
class, mater:i previ ou¢{
number of sto rese(@be |
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Symmes ¢
2019)
Parish boJyShape|Curr|Pol ygon, boungGrenad{CHARI M
Country bdShape|lCurr|Pol ygon, boungGrenad{CHARI M
Census enyShape|lCurr|Pol ygon, boungGrenad{CHARI M
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Li DAR datglLaz 2017/ Li DAR point c|St. @e|lLand Us ¢
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River Shapg2016/Pol yline Grenad{CHARI M

TransportgShapg2016/Pol ygon, airpqGenad{CHARI M

The oftwareused in this study includescGIS, ArcGISPro,ArcGIS Online ArcGIS
API for JavaScriptWhitebox Geospatial Analysis ToglsAStools andFME. The series of GIS
tools(ArcGIS, ArcGIS Pro) were employed for the material stock analysis and rough LIDAR
data processinyVhitebox Geospatial Analysis ToasidLAStoolswere utilized to further
process LIDAR data and create LIDAR data products. FME was the tool for converting data
formats.ArcGIS OnlineandArcGIS API for JavaScripversion 4.2or were the main tools

used for creating webased 3D maps.

1.6 Thesis Structure

This thesis follows manuscriptesignand consists adne introductory chapter (Chapter
1), two manuscript chapters (Chep2-3), and one concluding chapter (ChapteChapter 1
introduces the research and provides a literature review discussaaycltontexi existing
researchresearch gaps, anie rationaldor theresearch. An overview of research goals and
objectves and an introduction to the study area and data sources are also included in Chapter 1.
Chapter 2 and 3 are two independent manuscripts contributing to this thesis; the former
manuscript focuses on estimating and analyzing the materials stocked atu&read network,
while the latter aims to explore building material stocks from a 3D perspective and develop a 3D
model and welbased application. Chapteh#yhlights and discussése findings and
conclusions of the study, as wellrasommendationfor future researchmaterial stock

management, and sustainable developmesiniall island states
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Chapter 2
The Links Between Transportation and

ofRoatat erSt at k s

2.1 Introduction

Transportation infrastructure is vital femall island stat@ésnternal and external trade
and mobility. A sustainable and welaintained transport sector can provide people with
reliable linkages to essential goods, services, and opportunities, tipeoatgting economic
growth and improving the quality of lif@sian Development Bank (ADB), 2017; Parkash,
2007; Unctad, 2014, ¥fld Bank, 2017)As one of thé&ey componerg of non-building civil
infrastructure modern transportation infrastructure is matangtnsive, which exerts
tremendoupressure on the natural environment during the stage of resource extraction,
mainterance, and disposadfiow to properly manage and recycle these material stocks is a key
issue that needs to be resolved when planning for sustainable devel@idma#otet al., 2017;
Nguyen et al., 2019Yhe establishment of management strategiqaires a comprehensive
understanding of theatus of inuse stocks, whichecessitat®the quantification and mapping of
material stocks in transportation infrastructure, especially road networks. Neverttogdss
material stock accounting is not the focus of current material stock researchvastddes have
investigated road stocks in developing countries, espesiall island stated his study aims
to develop a Gldbased bottorup approach for themall island statesase study of Grenada to
guantify inuse road material stocks and asskeseffects of including such stocks in current
material stock estimates for Grenada. This study also seeks to assess the relationships between
road stocks and their supporting servicestarassess the vulnerability of road stocks in coastal

areas, whiclare vulnerable to the effects of climate change.
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2.2 Methodology

This sectiondescribesand explainshe methodological approach adopted to address the
objectives of this studylhe generaimethodologyworkflow is shown in Figure 2.1. Eadtepin
thediagram is explained in more detail within the subsequent methodology sethensad
classification system and roathterial stock accounting approasemployed fothe case study
of Grenadaare explained in Section 2.2.1. Section 2.2.2 assessesghetiof the inclusion of
road stocksn total material stoclkestimatesSectios 2.2.3and2.2.4present the methods used to
evaluate services associated with roaad identify road stockbat are vulnerablender future

sea level rise scenarios.

Collecting data

<

Road material stock accounting

.

Including road stocks in total
material stock estimation

!

Linking services to roads

.

Identifying road stocks
vulnerable to potential sea level
rise

Fiugr e Me.tlhodo |l ogfyo rwoarsksfelsosw ng vul nerabl e road

2.2.1 Methodology of road material stock accounting

The overall methodology of material stock accounting and analysis used in this study is

classified as &ottomup approah as discussed Bectionl.2.2 Figure 2.2 below illustrates the
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overall workflow, and the following subsections detail the specific methodological approaches
used in the case study of Grenada. The road network in Grenada was first categorized into
different road types (Section 2.2.1.1) and assigned specific road aitdthwaterial intensities
(Section 2.2.1.3). These material intensities were then used along with the gross area of roads
(Section 2.2.1.2) to quantify the volume of different materialskstt within the road network
(Section 2.2.1.4)GIS techniquesvereused taapproximateoad lengtrmeasurementsnalyze

the spatial distribution of road stogksd improve the current transportation geodatabase for

Grenada
Road design manuals
Previous project reports Road network GIS data
Road network GIS data
Road type Road width | Road length
(Section 2.2.1.1) | ™= | Road wi cacleng
Material intensity Gross area of road
(Section 2.2.1.3) (physical size of road;
Section 2.2.1.2)
|
Total road stocks
K (Section 2.2.1.4) /
FigurWorkfllow of road material stock account.

2.2.1.1 Road classification

To calculate road stocks, the first step was to classify roads into different roadngpes
assign each road type specific road widthd material intensitie$n general, roads atesually
classifiedin a hierarchical mannérased on their functionsithin a transportation systemo&d

functional classes are designatedording tadhe intended purpose of the road, i.e., to provide
29
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priority for property access or traffloobility (as shownn Figure 2.3). kgherlevel roads (e.qg.,
expressways and arterials) tend to have higher mohilitdylower accessibility, while lower

level roads (e.qg., collectors and local roads) tend to have higher accessibility and lower mobility
(Toronto Transportation Services, 2013; U.S. Department of Transportation Federal Highway

Administration, 2017h)

Road Functional Classification System

Expressways

Arterials

Collectors

Increasing mobility

Local roads

Increasing accessibility

Fi gu23 Road fuostasenél c dqtAIAGIHT Oy s t2drmh 8 ; Uu. S. D e

Transportation Federal .Highway Administration

The road geometric design standard is consistent with the road functional classification
and specifies the dimension and arrangement of geometric features of each road class, including
road widths, shoulder widths, reservation distansagcurves, and dier featuregMinistry of
Transportation, 1985; U.S. Department ofigportation Federal Highway Administration,

2020) Roads in the same functional class share similar geometric characteristics (e.g., road
widths) but may have different pavement structures (@gad, concrete pavement, flexible

asphalt pavement, andpaved) depending on the local environment, local service requirements,
short and longterm costs, and impacts to the pulflioronto Transportation Services, 2019)

Different pavement structures result in different mateaahpositionsand different material
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intensitiegMI). In bottomup material stock analysia,fundamental assumption is thatk

road type shasghe same material intensigyd road widthTheroad widthsare therusedto
calculate theoad surface areavhich arecombined with material intensities to estimtte total
road material stock3.hereforefor thepurposes of conductingraaterial stock analysishe

road functional classes werether classified into several road types based on the pavement
structures and each road type shares the same road width and material intenBiigl fidreed
classification system for Grenada in the form of a decision tree is shown in Figure 2.4bdlow

is detailed in following Sections 2.2.1.1.1 and 2.2.1.1.2.
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Grenada road classification for material stock estimation

Road transportation network

Primary road
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(e.g. Maurice Bishop Memorial Highway)
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Secondal

\

Class 1A -Regional road
(expressway with median)

) v

Paved secondary and tertiary road

{
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1
Unpaved road

l

Class 3C-Local road

Class 1A-Regional road Located i

(expressway without median)

(unpaved)
Yos. | Mo
ry [ tertiary road Tertiary road
Surface

¥ material?

n urban built-up J_
?

area? ‘,—Asphal Concrene—‘

:

Length >= threshold?
(e.g. 200m for Grenada)

Yes: | No

| No.

'

Surface material?
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road (rigid concrete
pavement)

Urban Class 2A-District
road (flexible asphait
pavement)
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Surface material?
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pavement)
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pavement) pavement)
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pavement) pavement)

or mat er



2.2.1.1.1 Road classification based on functions

The first step in road classification was to generate a basic road hierarchy that classifies
roads according to thefunctions Functional classification defines the intended use of different
road classes and supports the selection of design speed,aidsdh the establishment of
geometric design elements, such as the road width, horizontal alignment, and vertical alignment
(Wolhuter, 2015)rhe basic hierarchy comprises of freeways/expressways, arterials,
collectorgdistrictroads and local road€xpressways and arterials consist of roads of national
importance and have the highest mobility and limited access to property. Collectors and local
roadsarecomprisedf roads of regional importance and local importance and tigher
accessibility and lower mobilitfToronto Transportation Services, 2013; U.S. Department of
Transportation Federal Highway Administrati@917b) Grenada does not have antoplate
and uniform road classification system, which differs between minig@ieshada Ministry of
Infrastructure Development, 202 this studyGr e n adsmrbasihierarchy was derived
from the road classification used Ministry of Infrastructure Development, Public Utilities,
Energy, Transport & ImplementatigflOT/MOID), Government ofcrenadaThe road
functional classification used by MOT follows tRe@ads ActChapter 290 of the 1994 Laws of
Grenadand is adopted in current road construction and rehabilitation projects in Grenada
(MOT, 2018, 2019)In this functional classification syste@,r e n a d a drexategwized a5
expresswaysdlass 1ARegional road), arterialC{ass B-Regional road),
collectors/districtsecondaryoads Class 2District road, and locakertiaryroads(Class 3Local
road. Class 4Access roadre private roads and lanes (public or private) whrehnot
considered in this stugdgince many are unpaved, not developed or maintained by the

government, or challenging to estimate accurately

To quantify and map the4nse road material stocks in Grenada, road network GIS data

from CHARIM were used tolassify the road network, calculate the road surface area, estimate
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the road material stocks, and map the spatial distribution of stbe&gunctional classification

of the road network was achieved base@desamiautomateds|S approach developed fdrig

study, especially since Grenada has many road segments that would be challenging to identify
manually.The classification system is shown in Figure Rdad network data from CHARIM

had an initial road classification that can be used as the firstignitin the classification system.

The three i niti amanroads (prinady ealsieckiding expréssways dnd fi
arterialg, froad® (including paved secondary and tertiary rQadadfiunpaved roads. Si nc e

there was only one expresswag ( Maurice Bishop Memorial Highwayn Grenada, the lI&ss
1A-Regionalroadvas i denti fied manually. OlaseB+r fdAmain r
Regionalroad A Un p a v e d categorzedste Classelroeal road which have high

accessibility and low mobility. Generally, secondary roads/collectors should poovidectios
betweerprimary roadsandtertiary roaddbcal roadswhile tertiary roads/local roads can connect

to any type of road@J.S. Department of Transportation Federal Highway Administration,

2013) Therefore, the spatial relationship betwee fi r 0 a dnai road&{plimaiiy roads) was
checked. fARoadso that were not class3ilecaltoadd t o p
In addition, secondary roads/collectors tend to have longer served distances and road lengths
compared to tertiargpopads/local road8J.S. Department of Transportation Federal Highway
Administration, 2013)Thereforeie r emai ning firoadso were furth
locations (i.e., urbanbuit p areas or rural areas) and road |
the threshold (200 m for urban builp areas and 600 m for rural areas), they were assigned to

Class 2District road. Otherwise, they were assigned lms€ 3Local road. The threshold was

determined through several trial runs and verified by the sspalé Grenada road map and road

statistics report.

To ensure the feasibility of this approach, seMests were conducted, and the
classification results were verifiehdedited through visual interpretation based on a composite
of sources and information. This approach for verifying the road types included crosschecking

34



satellite images frorfboogle Eath Pro road layers fronOpenStreetMapnd Google Magthe

national road network mapnd photogjathered from fieldwork or Google Street View.

2.2.1.1.2 Road classification based on road pavement

Roads in the same functional road class can have several typesiwigpa structures
and different pavement structures can result in different material intenshm®fore, the
second step in road classification was to further classify functional road classes into different
road types based on pavement structures Abherican Associationf State Highway and
Transportation Officials (AASHTOJuide for pavement design is one of the popular road design
standards used in North Ameriaad is adopted by MOT for the current road design in Grenada
(MOT, 2018, 2019)According to AASHTO pavement design guide and MOT road design
report(MOT, 2018, 2019; U.S. Department of Transportation Federal Highway Administration,
2017a) the pavement structure consists of sublasse course, and surface course and is placed

on the natural subgrade/roadbed (as shown in Figure 2.5).

S ——
Surface Course (AC, PCC)

Compacted/Natural Subgrade

Fi gumeCodnponent s of theUplvehemar tsmenmntctafr eTr an

Hi ghway Administration, 2017a)

Based on dferent pavement structures, roads in Grenada were classified into three

classes, (a) rigid concrete pavement, (b) flexible asphalt pavement, and (c) unpaved roads. The
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description of different pavement types is summarized in TabldBelmaterial of theoad
surface layer (i.e., the "surface materia¥gsthe criterionusedfor identifying different
pavementypes. In the road classification system (shown in Figure 2.4), ClassRégi®nal
roads were all paved with asphalt concrete. Cla3stict roads were further divided intol&ss
2A-District road (flexible asphalt pavemernéind Gass 2BDistrict road (rigid concrete
pavement)Class 3Local roads were divided intol&ss 3ALocal road (flexible asphalt
pavement)Class 3BLocal road (rigid concrete pavemen@nd dass 3CLocal road
(unpaved) Due to the limitation of available data and travel restrictions for conducting
fieldwork, the classification was conducted througimomalinterpretation of various sources of
information. Thigncluded available fieldwork photos, remote sensing images, Google Street
View, Google Earth Image, information in OSM layers, previousGrenadaoad project

reports (MOT, 2018, 2019)

36



Tabl eR@Qad:cl assifica(deni hedpéadvemebt St ypepartm

Feder al

Hi ghway Admini

strat.

on,

2017a).

Pavement

Description

Materi al s

Possi bl e roa

Grenada

Fl exi bl ¢
pavement

fRoads with asphalt
surface | ayer. The
divided into seal
(wearing | ayer) ar
mi x asphalt | ayer)
fFl exi bl e asphalt |
and wil |l def orm ur
fDue to the fl exibl
asphalt pavements

accommo dyatoas ntdh eno v
fFl exi bl e asphalt |

fAggregates
include sa4d
fAsphalt <co
(mi xture o
and aggreg
excluding

1Cl as-RettAona
(Expressway
fCl as-RedgBona
1Cl as-BDi @8Ar i c
(flbéxi aspha
pavement)

1Cl as-so8 Al r
(flexible a
pavement)

repair.
Rigid c(fRoads with Portlan9fYAggregates|fCl as-Bi 28Bric
pavement (PCC) surface | ayqg include sa (rigid conc
fRi gid concrete pajyfCement <con/ fCl as-s088I r
flexur al strength (mi xture o (rigid conc
pressur e. and aggreg
fRigid concrete pay excluding
flexible so they \
shifts or settles.
fRigid concrete pa)
and | ast | onger tf
types
Unpaved|fRoads are not pavegfYAggregates|/{Cl as-so8¢&l r
drained. The surfg include sd (unpaved)
soi |l , gravel, Crus¢g

*Asphalt concrete is commonly called asphalt. Cement concrete is commonly called c@spbtdt and concrete

are two ommon composite materials used to surface roads.

2.2.1.2 Physical size of road

The physical size of roads and calculating surface area involves considering two

measurements of, (a) road width, and (b) road length. Since the accurate width of each road

segment irthe road network of Grenada is not publicly available, an estimated width was

assigned for each road type in the classification system (refer to the roademioss profiles in
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Figure 2.5). The estimated width was determined bas@desious road proj reportsn
GrenadgMOT, 2018, 2019)which provide typical road crosection drawings and geometric
design of existing and planning roads. The length of roads was measured physically based on
GIS datasets. The total surface area ofiso@as then calculated by multiplying the length by the

width.

2.2.1.3 Material intensity (M)

In bottomup material stock analysis, each road type is assumed to share the same
pavement structure and have the same material inte8gitea standardoadpavementesign
for Grenada was not availabkbetypical pavement structures of roads were derived from
previousroad project reportand design manuals from MQWOT, 2018, 2019)As previously
discussed, the pavement structure consistisree pavement layers (i.eybbase, base, and
surface layers), and each pavement layer is composed of one main type of material (e.g.,
aggregate, asphalt concrete, cement concrete). The typical road@rtes profiles for each
road type pavementrsicture are illustrated in Figure 2.6, which shows the road width, the
thickness of each layer, and the materials that compose the paving layer. The material intensity

(kg/a ) of materiali in road typex was then estimated by Equation 1 below:
0@ O "YOu Q)
whered "Q is the material intensity of materiaih road typex; ‘O is the standard
material density'Q¥H ) of materiali (refer to Table 2.2)*Y"Ouvis the totakhickness ify) of the

layers composed of materialA set of material intensity typologies were then developed for

roads in Grenada and is summarized in Table 2.3.
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Typical road cross-section type in Grenada
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= 52 mm Asphalt concrete surface
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Asphalt concrete: combination of asphalt and aggregates, excluding roadbed
Cement concrete: combination of cement and aggregates, excluding roadbed
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density values f

(0]

Sour ce
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down

Tabl M2t er i al intensity typol tagay. br eak
Road type Material Bfot)ensity (

Aggregat e Concrete Asphal't
Cl as®RegyAonal roa
(expressway with
Surface 120. 744
Base 336
Subbase 504
Tot al 840 0 120. 744
Cl as®RefyAonal roa
(expressway with
Surface 120. 744
Base 336
Subbase 504
Tot al 840 0 120. 744
Cl as-RefyBonal roa
Surface 120. 744
Base 336
Subbase 504
Tot al 840 0 120. 744
Cl as®i 83Ari(ftl exia
asphalt pavement
Surface 116. 1
Base 252
Subbase 252
Tot al 504 0 116. 1
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Cl as-®Di 8Brict

concrete

pavemen

roa

Surface 319.

Base

Subbase 252

Tot al 252 319. 0
Cl as€08Al road (

as p lpalvte ment )

Surface 116.
Base 252

Subbase 252

Tot al 504 0 116 .
Cl as-o0o8BI road (

pavement)

Surface 319.

Base

Subbase 252

Tot al 252 319. 0
Cl as<o8@al road (

Surface

Base 84

Subbase 252

Tot al 336 0 0
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2.2.1.4 Road stock estimation

With the area of roads and material intensities established, the materials stocked in roads

are calculated by Equation 2:
0Y B 0 0@ 2

wherel "Yis the total road stock of materialb is the total surface area of road type
0 "Q is the material intensityk{/& ) of materiali in road typex (Nguyen et al., 2019)inally,

total surface area of rodglex (0 are calculated by Equation 3:

o "Y€ 0l@Ee MO Y € QD (3)

2.2.2 Impacts of including road stocks on total material stock estimation

Previous research for Grenada only considered building stocks in the total material stock
estimation(De Kroon, 2020; Symmes et al., 2018he total amount of road stocks on Grenada
wascompared with the total building stocks previously estimateBdi roon(2020) The
percentage of road stocks of the total stock accountaleslatedand the processed road stock

dataset was added to the geodatabase for Grenada, which can be utilized for future studies.

2.2.3 Linking building services to roads

Roads provide access to different services and facilitate the circulation of people, goods,
and magrials. Each road in the Grenada geodatabase was linked to the provision of services by
identifying associated buildings. This provides insight into which services are facilitated by each
road segment and how road stocks are associated with differeseseBuilding service
categories in Grenada were derived from previous res@aecKroon, 2020and adopted for

this study (Table 2.4).
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Tabl4B®@i.l ding service. categories in Grenada
Buil dingasegwir

Heal t h Commer ci al

Tourism I ndustri al

Residential / Shll nsti tBkdu oatail on

Cul tur al l nsti t@tth emn al

Recreational Agriculture

Transportation Mi xed( dJesmmer ci al

The percentageof different services associated with each road segment were calculated
using a fibuffero approach. A buffer polygon
specified distance and the numbers of buildings with different services within the buffer were
identified and counted. The percentage of different services associated with each road segment

was then calculated by Equation 4 below:

0 Qi ©Q&EFEBIMA M (4)

Different buffer distances were adopted for each road type, sincariraum building
set back (i.e., the minimum distance between the road central line and the building lines or
eaves) of each road type is differddigherlevel roads are intended to provide traffic movement
instead of property access and are therefatbduaway from buildings. Lowdevel roads have
higher accessibility and are closer to buildings. Buildings sited on either side of the road were
considered to be associated with the road and siveuldthin or intersecting the buffers.
Therefore, buffedistances were derived from the sum of the minimum building set back
distance (derived from MOT (2018)) and the average side length of buildmegsred based
on GIS datasetspeveral tests were run to verify and adjust the buffer distances anaithe fi
buffer distances of different road types are shown in Table 2.5.
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Tabl eDi2stbances of buffers for di fferent road
Road type Buffer dis]

Cl as-RettAonalpresadswghy ned 30

Cl as-ReggAonal roadtbhexpr

Cl as-RedBonal road 20

Cl as-Di 8Ar i(dtl erxddd e asph/1l5

Cl as-bi @Brict road (rigi

Cl as-so8&I( frloeaxdi bl e asphglo
Cl as-so 8 8I road (rigid c

Cl a3seckoc al road (unpaved

*The buffer distance was measured from the central line of the road to the buffer edge.

With the percentage of different services associatedemith road segment, the amount
of road stocks associated wiliferent servicesauld be calculated and the total amount of road

stocks of different services could be estimated.

2.2.4 Identifying road stocks vulnerable to sea level rise

Roads that are situated along coastal areas are particularly vulnerable to sea level rise
(SLR) caused bglimate change. Identifying road stocks and associated services that would be
exposed to future SLR scenarios could be vital for future sustainable development. According to
the Special Report on the Ocean and Cryosphere in a Changing Climate (SROME eriny of
this centuryglobal mean sea level (GMSL) will rise between 0.29 m (under RCP 2.6, low
emission scenario) and 1.1 m (under RCP 8.5, high emission sc€i@g), 2019) Some
researchers point out that the model used in SROCC may underestinmikie\theper level

(1.1 m)of sea level projection&rinsted & Christensen, 202 Bamber, Oppenheimer, Kopp,
44



Aspinall,andCooke(2019)state that the sea level rise in excess of 2.0 m may happen by 2100.
Based on the ranges suggestediftbese reports and journal articles, five SLR scenarios were

considered in this study: 0.25m, 0.5 m, 1.0 m, 1.5 m, 2.0 m (by 2100).

TheDigital Elevation Mode(DEM) data (2016) for Grenada amet suitablefor
modeling small incremental changes LR due to its low resolution (5 m pixel size) and
unknown elevation accuracy. A new LIDAR data collected.éwyd Use Division, Ministry of
Agriculture, Government of Grenada2017has a finer resolution {8 cm pixel size) ad
higher elevation accuracy (< 10 cm) and was used to generate a Digital TerrainMddé!
and to derive inundation zon&sDTM represents a continuous terrain surface without any
ground cover and structures (i.e., the bare ground suiiate2014; Li, Zhu, & Gold, 2004
DTMs generated from LiBR point clouds can accurately represent geomorphometric
characteristics of the surface and have been widely applied to resource and hazard assessment,
engineering structure planninggastal protection (e.dogach erosioor inundation analysis),
andhydrology (Amoura & Dahmani, 2022; Castafeda & Gracia, 2017; Hirt, 2014; Vernimmen
et al., 2019)Raw LiDAR points cloud can be classified as4gwound (e.g.buildings, treesand
shrubg and ground pointsGround points can be converted into a DTM, while all points (ground
and nonground points) can be converted into a Digital Surface Model (BSM)i DEMoO i s o f t
considered as a general term for ADTMO, ADSMO
used synonymousl!l y wZ Chen, Gdo, RNDévereux, 201D Bilt) 8014;
Podobnikai& Gadal 2009) Guth et al(2021)andZ. Chen et al(2017)recommended to treat
ADEMO as a gentehealt drem mi @ThMO ufser t he bare terr
ground points since ADSMO has been widely wuse

DTM generated from LIDAR ground points was used to represent bare terrain and assess the

2Di gital Surface Model (DSM) repr es(ent sCheearr tehtd sals.u,r f2alcle7 )i nc | u
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coastal vulneraltly to sa level risesince the DTM had a high resolution (50 cn%0 cm) and

could better approximate the coastal terrain

Due to the limited computer processing power and the long data processing time, a

sample test site of four tiles of LIDAR data weedected covering about 3.&7i . This sample

site is si

Harbour (as shown in Figure 2.7)aige numbers of buildings and roadslacatedin

vulnerabldow-lying coastal aras. The sample site is used as a proof of concept to demonstrate

tuated

n

St

Georgeds

and

cover

s t

the methodology developed in this study and modelling effects of SLR on materials stocks for a

highly populated area of Grenada.
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The procedure of analyzing potential road stock lost due to SLR followed six major steps:
(1) the shoreline was extracted from thassified LIDAR ground pointand edited manually
through visual inspection; (2) the mean se&ll€0.5 m) was derived from the mean elevation of
classified water pointsear the shoreline; (3) a DTM was generated from classified ground
points; (4)inundation zones were derived from the DTM by settingetheationvalue t00.75
m, 1.0 m, 1.5 m, 2.0 m, 2.5 fmean sea level 0.5 m + sea level rise scenarios); (5) zones that
were isolated or ndtydrologicaly connected withihe seavere deletedf¢llowingthefibat ht ub o
approachGesch, 2009 and (6)inundation zones were overlaid witie road network data
calculatethe exposure ofoad stocksnd related services different SLR scenario§he LiDAR
processing wasonducted using the&/hitebox Geospatial Analysis Tooks crossplatform and
opensourcegeospatial data analyssftware package. Other analytical operations were

performed using ArcGIS and ArcGIS Pro.

2.3 Results

The following sections describe the results of this study.cldssifiedroad network in
Grenada is shown in Section 2.3.1. Section 2.3.2 reports the quantity of materials stocked within
the road network, while Section 2.3.3 assesses the magnitude gédhdatal material stock
estimation after including road stocks. Spatial distributions of road stocks are then mapped using
GIS techniques in Section 2.3.4. Sections 2.3.5 and 2.3.6 examine roadrsteoks of their
relationshipwith building services and evaluate how the road stocks and associated services may

be affected under future sea level rise scenarios.

2.3.1 The road network in Grenada

The spatial distribution of the road network in Grenada is illustrated in Figure 2.8,

showingthe basic road hiarchy in Grenada, which comprisesGléss 1ARegional road

a7



(expresswa)y Class B-Regional road, Class 2District roads andClass 3Local roadsNote
that Grenada hamly oneexpresswayalled the Maurice Bishollemorial Highway, which
connecsto the Maurice Bishomternational Airport in thesouthwest of the islan€lass 1B
Regional roads (in red) are the primary artemalsnecting majocities or townsairports and
ports along the coasthe total length of paved and unpaved roads en&da wag,594.%2 km
according to the GIS data in 2015. Cladso8al roads contributed to the largest proportion
(about57%) of the Grenada road network with a total lengt®16.03km.

Road Network in Grenada (2015)

N
Sauteurs A
Legend I / %

Grenada Road Network
Road Hierarchy

=== Class 1A-Regional road (expressway)

Class 1B-Regional road

== Class 2-District road

Class 3-Local road
:l Country boundaries

St Georges’s

Southwestern Grenada
(airport & resorts)

0 12525 5 7.5

Lance aux Epines y
e Kilometers

Figu8&RBRo&d hierarchy in Grenada
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Figure 2.9 shows the road classification in Grenada in which roads are categorized by
their surface pavement types (e.g., flexible asphalt pavement, rigid concrete pavement, unpaved).
In Grenada87% of roads were paved in 2015. Rigid concrete roads west common (8% of
roads) followed by flexible asphalt road$¥%2) and unpaved road$3%). Class 1Regional

roads were all paved with asphalt concrete.

Legend

Grenada Road Network

Pavement Type
Flexible asphalt pavement

= Rigid concrete pavement

——— Aggregate (unpaved)
|:| Country boundaries

St Georges’s

Southwestern Grenada
(airport & resorts)

Lance aux Epines 0 12525 5 7.5
e e Kilometers

Figu®BRo&d network by pavement type in Grenada
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2.3.2 Material stocks within the road network

Thet ot al amount of materi al st ocks

within Gi

tonnes in 2015, equaling to 40.96 tonnes per capita. Table 2.6 and Figure 2.10 present the

volume and percentage of road stocks according to different types of mategialaghalt

concrete, cement concrete, aggreg&ece every road type uses aggregates to build its base

and subbase layers, aggregate stocks account for the largest proportion of road stocks (2,757.67

kilo tonnes, about 63%) followed by cement conc(8i€6) and asphalt concrete (6%).

Tabl@R@ad material stocks by material category
Materi al Materia(ten|Materia(kbstocklMaterial st oc¢c

in road s (t/ c,ap2)xiadb

Asphalt ¢ 25588.57 255. 79 2.39

Cement <co0/1364855. 84 1361. 66 12.75
Aggregate2756d73. 12 2757.67 25.81

Tot al 437517 . 54 4375. 12 40. 96

% of Road Material Stock by Material Category in Grenada

m Asphalt concrete
m Cement concrete

m Aggregate

Figut@ 2o.f road material stock by material <cat
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2.3.3 Road material stocks in total material stock account

Since previous material stock accounting for Grenada only considered building stocks

(De Kroon, 2020; Symmes et al., 201#®)s important to assess the magnitude of chaftge a

including road stocks in the material stock accotlihe amount of estimated road stocks was

compared with total material stocks (i.e., only building stocks)puted from a previous study

by De Kroon(2020) As shown in Table 2.7he ratio of total road stocks to total building stocks

is about 1:3androad stocks accounted for about 24% of the total material stocks. This supports

the hypothesis that road stocks account for a large sifidotal material stocks in Grenada and

should therefore not be omittddcluding road stocks in the total material stock estimation

resulted in a total material stock output of 18,387.40 kilo tonnes (172.13 t/capita), increasing by

31% compared to thetal material stock amount previously computed byKbeon (2020.

Tabl 2R@ad stocks compared with building
AsphiCemenAggre|Stee¢Ti mb|Tot al|Tot al MS
concjconcr (building

stocks) (
tonne)

Bui ldathegr | / 1®M87/2253.1]213/657.|1412,1887.40

st ockisl o

Roamat eri ¢255. (|1361.|2757.(/ / 43 7 5.

st ockisl o

Road MS/ B / 0.13 |1.22 / / 0.31 |/

MS

Road MS/ T/ 0.11 |0.55 / / / 0.24
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2.3.4 Spatial distributions of road stocks

Three maps (Figure 2.11, 2.12, & 2.13) illustrtéte spatial distribution of road stocks on

the main island of Grenada. Figure 2.11 shows the road stock distribution by parish. The largest

proportion of tke road stocks are located in St. George parish (the southwestern part of the
island), which isvheremost commercigctivities occuras well as where manguristresorts
are locategndmuch of thepopulation residesSt. Andrew parish, the largest [#riof Grenada

in terms of area, contains the second largest proportion of road stocks.

Material Stock Distribution in Grenada
by Parish (2015) N

A

Legend Sauteurs

Road Stock
Percentage %
Il 2 43%

[ 4.44% - B.06%

8.07% - 15.46%
I 15.47% - 22.83%
I 2284% - 35.58%

Victoria

St Patrick -
Gouyave

Grenville

St George's — .
St David -, a

Lance aux Epines 0 175 35 7 105 4
Kilomete

Fi guXr Road material stock distr.ibution by

Figure 2.12oresentghe buildingandroad stock density (MS amount/area) by Census
Enumeration District (ED) in Grenad&D is the smallest spatial unit of Grenada census data.
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Calculating and visualizing material stocks at the ED level enable comparison of nsabekal

data with census statistics about the population in Grgf@aameset al., 2019)The map in

Figure 2.12 illustrates that bolluilding and road stockareheavily concentrated and

accumulated in major cities/towasd along coaat areasA largeproportionof both building

and roadstocksare locatedn the southwesrncornerof the islangd wherethe airport and main
touristresors ar e situated. St. Georgeélsgh the capita
concentratiorof stoclks, since this is where a high intensity of infrastructure is located. A second
cluster of stocks is located on the east coast, where the secgest urban centre, Grenville is

located. Compared with the building stocks, road stocks tend to be moiteutistithroughout

the island connecting areas of development and the observed differences between EDs are

smaller.
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Material Stock Density in Grenada by Enumeration Distric x

Legend
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The material stock distribution in Grenada is shown in a different way in Figure 2.13,
wherethe buildingand road material stodensityis displayed using grid of0.5 sq. km
hexagonsin GIS analysis, hexagons have been useful for normalizing geodmaphgpping
and maymitigatethe effects caused by the massive disparity in some irregularly shaped
polygons(e.g., census districts, countyuralaries, etcESRI, 2021). With low perimeteito-
area ratio, hexagons can reduce sampling bias caused by edge effects of fishnet/square grids.
Furthermore, the circularity of hexagons enables the representation of curves and connecting
paths. Compack t o fi shnet grids which draw readersé
hexagons can break up the line, reduce perceptual bias, and show the curves more naturally and
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clearly, which can better display stocks accumulated in curving road(Battts, Oom, &

Beecham, 2007; &RI, 2021). The breakup of straight linesn also reveal some underlying

patterns that may behibitedin fishnet gric andbetterillustrate the spatial distribution of

material stock¢Birch et al., 2007; BRI, 2021). Similar to what is found in Figure 2.12 (MS

distribution by ED), this map illustrates the hotspotbuifding and road stdcs in major

cities/towns an@longcoasal areasThe roadways passingroughinterior mountainous regian

are more prominent in the road stock hexagon map and are easier to visualize. Such roads

connect the major towns on the island and such stockstgetdirectly to supporting the flow

of goods and services between urban areas and serve a critical functiendptire island,

rather than just for local uses.

Material Stock by 0.5 sq. km Hexagons in Grenada ( A
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Figure 2.14shows the roadstockdensity bydifferentmaterial categaes at the ED level
It is visibly evident that aggregate stocks make up the largest proportion of road stocks compared
to other types of materialBoth aggregatend camcrete stockbavehigh densities along the
coastline Aggregate stocks have a similar spatial distribution pattern to building stocks (Figure
2.12). Asphalt stocks tend tusterin urban centreswhile concrete stocks tend atusterin
surroundingsuburban residential areasdwithin tourism arease(g.,southwestrncorner of

Grenada, near the airport and beaches).

a) Aggregate Sauteurs b) Concrete Sauteurs C) Asphalt Sauteurs

Victoria

Victoria Victoria

\

Gouyave

\

Gouyave

Gouyave _/
<4

St George's St George's

Lance aux Epines Lance aux Epines Lance aux Epines
Road Material Stock Density by Enumeration District

10001 - 15000 N
Tonnes/sq. km 15001 - 20000 '

[ 20001 - 35000
M 0- 1000 35001 - 45000
I 1001 - 2000 I 45001 - 55000 0 225 45 9 135
I 2001 - 5000 | 55001 - 79000 Kilometers
| 5001 - 10000 I 79001 - 114400

Figut éRo2ad materi al stock distribution (break
District in. Grenada (2015)

56



2.3.5 Road stocks and associated services

The graph in Figure 2.15 illustrates the relationship between road stodkkeservices
provided by nearby buildingt can be observed that the amount of residential stock8,846
kilo tonnes (36/capitg acmunting for 886 of totalroadstocks in Grenadavhich was by far
the majority.Tourismwasthe secon¢highestservice categorgomprising4% of totalroad
stocks and followed by commercial (2.5%), mixed use (the mixture of residential and
commercial senges, 1.9%), and education (0.7%). Collectively, residential, tourism, and
commercial services accounted for over 96% of total road stocks. Figure 2.16 visualizes the
spatial distribution of road stocks associated with different service types. Road state 1o
residential sectors are distributed across the whole island, whiles sttetied to tourism are
largely concentrated in enumeration districts located Imeachesind close to the airport.

Commercial industrial, education stocks dozatedalong the coastline and have a high

accumulation in the southwestern area of the island, where the climate is favourable especially

for tourism activities

Road Material Stock within Grenada by Service Type
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2.3.6 Potential future loss of road stocks

To identify and assess roads stocks that are vulnerable to potential sea level rise in
Grenada, five sea levelrise scenars wer e tested in a sample ar eé¢
explained in Sectio.2.4 Figures 2.17 and 2.18 highlight tleads that would be exposed
underfive sea level rise scenari@@®.25 m, 0.5 m, 1.0 m, 1.5 m, and 2.0 th)s evident that the
roads | ocated near the shoreline of St. Georg
rise. In the more conservative scenario of 0.25 m sea level rise, impacts are comparatively

smaller alonghe shordine and only a few road segments (highteghin yellow) in the southern
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part of the harbour near tifort Louis Marinavould be affected. When sea level rises to 0.5 m,

the northern part of thearbourbecomes significantly at risk, while a large parWifarf Road

located in theCarenag would ke inundated. As sea level rise increases tanl ost of Wharf

Road and Lagoon Road (highlighted in blue) would be affected, except for the middle part of the
harbour, which is protected by a manmatiform (where th&renada Port Authoritis

located)at a higher elevation. In the higher 1.5 m andn2<ka level risscenarios, the majority

of roadsalongSt . Georgeb6s Harbor would be inundated,
as those surroundingA. Marryshow Community Collegand theTanteen Playing Field'he

differences between all five starios are quite visually evident when mapped.

Table 2.8 summarizes statistics of vulnerable roads and their affected road stocks. Under
the 2.0 m sea | evel rise scenario, over 5,220
Harbaur would be expasd and about 18,187.52 tonnes of road stocks would be affected, which
accounts for 1.16% of the road stocks in the
mixed use (combination of residential and commercial), commercial, and residential stocks are
most vulnerable accounting for 36%, 31%, and 10% respectively, of total exposed stocks under
the 2.0 m sea level rise scenario. Transportation also faces high risks since many ports or marinas
are situated othe foreshoreResidential, mixed use, commiai¢cand transportation together

occupy about 90% of total impacted stocks under all five sea level rise scenarios.
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Roads Would Be Exposed Under 5 Sea Level Rise (SLR) Scenarios (by 2100)
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Tabl &THRe | ength of roads and the amount of road fmiasteear ilaelv eslt orci
scenari os
Sea Level Rise Scenarios
0.25m 0.5m 1.0m 1.5m 20m
Affected length (m) 96.78 749.99 2,388.97 4,468.20 5,220.43
MS % of MS % of % of % of % of
Service type exposed | exposed | exposed | exposed explz)/lsse d (1) exposed explc\)/lsse d (1) exposed explc\)/lsse d (1) exposed
(t) MS ) MS MS MS MS
Tourism 27.49 5.18% 39.65 1.13% 137.58 1.36% 262.83 1.63% 284.93 1.57%
Residential/Shelter 420.50 79.27% 605.43 17.31%| 2,451.59 24.21%)| 4,882.93| 30.22%| 5,562.25 30.58%
Cultural 7.50 1.41% 14.67 0.42% 61.22 0.60% 131.20 0.81% 151.41 0.83%
Recreational 0.00 0.00% 16.61 0.47% 21.93 0.22% 560.24 3.47% 629.95 3.46%
Transportation 2.50 0.47% 297.49 8.50%| 1,177.85 11.63%| 1,674.83 10.37%| 1,752.13 9.63%
Commercial 69.96 13.19% 120.09 3.43% 1,022.06 10.09% 1,604.94 9.93% 1,835.80 10.09%
Industrial 0.00 0.00% 43.08 1.23% 136.11 1.34% 160.34 0.99% 190.96 1.05%
:Enjﬂggt'%?]a' 0.00 0.00% 0.00 0.00% 0.00 0.00%|  921.17 5.70%| 1,053.46|  5.79%
Institutional- Other 2.50 0.47% 78.06 2.23% 170.69 1.69% 198.40 1.23% 227.44 1.25%
Mixed Use 0.00 0.00%| 2,283.05 65.26%| 4,945.77| 48.85%| 5,760.44| 35.65%| 6,499.19 35.73%
Total 530.45 100.00%| 3,498.14| 100.00%| 10,124.80{ 100.00%| 16,157.34| 100.00%| 18,187.52] 100.00%
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2.4 Discussion

This section discusses the key results from the road material stock analysis and sea
level rise vulnerability mapping in Grenada. The implications of the methodology and results
of this study forsmall islandstatesarediscussed. Limitations of this wodnd potential

future work are also addressed.

2.4.1 Road material stocks and associated building services in Grenada

The total road material stook Grenadan 2015 was estimated to be 4,375 kilo
tonnes, equivalent to 40.96 t/capita. The total length of roads waslagb®ats? km with an
average material content of 2,744 tonnes per kilomieteluding road stocks in the total
material stocki1S) estimation yi&led a total material stock output of 18,387.40 kilo tonnes
(172.13 t/capita). 24% of the materials were stocked in roads, while 76% of the materials
were stocked in buildings. Aggregate materials stocked in roads accounted for 55% of total
aggregate stoskin Grenada. Therefore, materials stocked within the road network comprise
a large share of total material stocks in Grenada, which suggests that it is highly important
for small island state® consider civil infrastructures (including transportatiomew
conducting material stock accounting. The exclusion of civil infrastructure in total material
stock accounting may result in a significant underestimation and errors. A comprehensive
and accurate material stock accounting is requirednf@ll island s&testo manage iruse
materials, control material import and disposal flow, predict vulnerable stocks, develop

future construction plans, and fulfill sustainable development goals.

For comparisonTanikawa et al(2015)estimated that in Japan, building stocks and
road stocks comprised of about 43% and 26% of total material stocks respectively in 2010,
followed by seaports (19%), and dams (8Bl et al.(2019)estimated than the Greek
island of Samothrakimaterias stocked in buildings, roads, and ports accounted for 57.6%,
14.8%, and 27.4% of total material stocks respectively in 28aBerlet al. (2021)
calculated the material stocks of buildings and infrastructures in Austria and Germany in
2018. The resultshewed that in Germany, building and road stocks made up roughly 63%
and 33% of total stocks respectively, while in Austria, building and road stocks accounted for
about 50% and 44% of total stocks respectivaliedenhofer et al2015)estimated that in

the EU25, 39 billion tonnes of nonmetallic minerals were stocked in roads (128
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tonnes/capita) and 35 billion tonnes of stocks were stocked in residential buildings (72
tonnes/capitain 2009, compared to 93.39 tonnes/capita of stocks in residential buildings in
GrenadgDe Kroon, 2020)The proportion of road stocks in Grenaslbower than Japan and
Europe but higher thahe Greek island of Samothraiihich mg be a product of

differences in the maturity of road networks between develapEandsmall islands
Geographic differences may result from the level of investment into transportation
development, population distributicipographyclimate,the quaity of data sourcegnd

the local constructiogtandardsvhich affect the material intengitalculation More studies

of road stocks would be required in developing countries, espesmadlll island state$o

explore the socioeconomic drivers behind differences in road material stocks.

In terms of the average material stocks per kilometer, for the d.8015, the total
length of roads was estimated to be 6.6 million kilometers and the nofipaterials
stocked in each kilomet&ras 2,268 tonngdiatto et al., 2017)Recent research conducted
by Nguyen et al(2019)in the developing countrgf Vietnam, estimated the total length of
roads at 217,000 kilometers and road material stock$@&0million tonnesin 2012(12,258
tonnes/km). Compared with these two countriesgtiantityof road stocks per kilometar
Grenaddg2,744 tonnes/km) isloser to the U.S. and significantly lower than Vietham. This
may be due to differences in road construction styles, pavement designs, and the material
intensity developmerih different countries. For example, roadways in Vietnam are divided
into four paement types: soil paving (6.5 m of width typically), mixed stone and soil paving
(9 m of width typically), stone paving (12 m of width typically), and asphalt concrete paving
(26 m of width typically). The road pavement structure was divided into a slajerg80
to 140 mm) and a base layer (300 miguyen et al., 2019)n comparison, in this study, the
road network in Grenada was classified into Gle&413 m width), ClasslB (6 m width),
Class2 (5 m width), Clas8 roads (4 m width). The pavement structure is divided into the
surface layer (50 to 150 mm), base layer (0 to 200 mm), and subbase layer (150 to 300 mm).
In addition, it should be noted that thmaterials analyzed iNguyen et al(2019)andMiatto
et al.(2017)differ from this study. Whereas these studies broke down road surface materials

into gravel, sand, cement, and bitumen (i.e., asphatitgories, aggregate, cement concrete,
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and asphalt concrete were categories adopted for Grenada. Asphalt (or cement) concrete is
defined as a mixturef asphalf{or cementpnd aggregatesvhich only comprises a small

share of the concrete mixture.

In Grerada,87% of roads were paved in 2015. Rigid concrete roads accounted for
61% of the total and were followed by flexible asphalt roa@&4R The percentage of
asphalt paving roads is low compared to developed countries, such as tl&abafaand
theUK (over 94%;AIA, 2021;National Asphalt Pavement Association, 2011; Ontario
Asphalt Pavement Council, 201 According toNguyen et al(2019) the share of asphalt
paved road in Vietham was 47% in 2008ccording to MTPRG2013), asphalt paved and
concrete paced roads in China were about 15.1% and 39.0% of total roads iAl2@1&h
asphalt paved roads are safer for driving, quicker to install and repair, and more
environnentally friendly compared to concrete paved ro#us high cost of road
rehabilitation, the limitedaw materialsthe low traffic volume (especially in inland
mountainous areasind the high maintenance requirement limit the adoption of these
practicesn small island state@tlantis Holdings Ltd, 2021; Ontario Asphalt Pavement
Council, 2017) Therefore, only the regional roads in Grenada are fully paved with asphalt

concrete, resulting in a lower proportion compared to other countries found in the literature.

Road stoks support the functioning of nearby building services by providing access,
conneding supply chainsand facilitating the flowof goods, people, and materials.
Therefore, road stocks are inherently related to the services provided by nearby buildings.
Theresults of this study show that in Grenada, about 88% of the road stexdassociated
with local residential buildingsfollowed bytourism(4%), commercial (2.5%), mixed use
(the mixture of residential and commercial services, 1.9%), industrial (1.6%) and education
(0.7%).Stocks related toesidential, tourism, and commerdmlildingsoccupied over 96%
of total road stocks. It is not surprigithat residential stocks comprise the largest proportion
since living space is the basic need for human life. Tourism, education, construction, and
commercial sectors are the major contributor
(Caribbean Development Bank, 20vernment of Grenada, 2021 2020, the tourism
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sector and private education constituted

before the COVIB19 islandwide lockdown(Caribbean Development Bank, 2021)

In this studyyoadstockswere linked to th@rovision of local srvices by calculating
the ratio of serviceprovidedby surrounding buildingsThis is a novel method developed in
this study whichaimsto evaluatehe amount of road stocks used to support the access to
local services and focuses on one of the basictions of a roadwaywhich isproviding
access to propertiedowever, some higlevel roads (e.g., regional roads) are designed
primarily for facilitatingtraffic mobility and thereforenaynot be closelyconnectedvith the
local building servicesitedalong the roadn the absence @vailable detailed traffic
statistics for Grenagdéancluding source and destination informatitms studywasnotable
to, (a)assestiow road stocksupporttraffic mobility or (b) evaluateheroadstock
productivity. Traffic mobility can bendicatedby the volume ofpassengefmeasured in
passengekilometers, freight (measured in tonndslometery, orvehicle traffic flow
(measured in vehiclkilometerg in a given time periodStock productivity catve measured
by dividing thevolume oftraffic flow by the amount of road stocks (Gassner et al., 2021,
Nguyen et a.2019)

Stock productivity caifllustratewhether road stocks are used efficiently. Low

productivity suggests the inefficient use of road stocks and more transport services can be

provided, while high productivity suggesSicient or everoveruse of road stockareas
with high material stock@umulationarenot necessarily the ones with high productivity
(Miatto, Dawson, Nguyen, Kanaoka, & Tanikay2®21, Nguyen et al.2019.
Understanding the road stock productivity is important for developing sustainable
infrastructure construction aelveragingroad stocks in small islandandshould therefore

be explored in futursustainabilitystudiesof small islandstates

2.4.2 Spatial distribution of road stocks

The spatial distribution maps illustrate that road stocks in Grenada are clustered

low-lying coastal areas. For Grenada, coastal zones are the major developing areas with rich
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resources and connectiongmarine tradsand trasport. The population density and the

speed of economic development are significantly high and intense in coastal areas. Most of
the major citi es/ tremwlls, $Souyase, \Yctoria, aBd Saute@re)or ge 6 s
fishing villages, agricultural landand important infrastructures (e.g., roads, tourism resorts,

and marinas) are situated in coastal a(€esman Pilot Programme, 2018; Neumann,

Vafeidis, Zimmermann, & Nicholls, 2015)hese are the same areas that are most vulnerable

to the effects of sea level rise.

Roadstocksare most concentratéa the southwestnpartof the islandi.e., in the
St. George Parish). This is the most populous parish in Grenada where the capital of the
country, St. Georgeb6s, iIs | ocated. Two dist.i
St. Georgeds and the soutdAns 8eachcToapnstne of t he
climate and views of the-8mn-long Grand Anse Beach on the southwest coast of the island
attractsconsiderabl@umbers of global visitors every ygadarinas, 2021)The resort
accommodtons vary from private villas to luxury resorts and are clustered along the beach
area, leading to comparatively higher road density and concentrations of road material stocks,
especially related to tourism and commercial services. In addition, hoto$gatgcation
and industryrelated stocks came observed in the southwest. Over 25% of the edueation
related road stocks are accumulated in the E

University is located.

Compared to the building stocks, thetdbution of road stocks is more dispersed
over the entire island. The elongated lines of road stock accumulations in the mountainous
inland areas depict the main interior roads crossing different parishes and corthecting
major towns of theisland @.. , St . rémlle, Gagugadey Thesd road stocks are not
only dedicated to meeting local transportation needs, but also effectively fuel commercial

activity within urban aregsalongcoastal areas, amd theentire country.

Visualizing the spatial distribution of road stocks using GIS techniques enables
decision makers to better understand the locations and distributiomsd imad stocks
wi t hin t he-ecormmiasystiet.sStocks atirrently stored within the built
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environment can be considered as the source of material wastes and secondary resources.
Understanding the status ofuse stocks could help decision makers better project
construction and demolition wastes, manage the disposal-anidization of materiés, and

reduce environmental impacts and material import dbkishimoto, Tanikawa, &

Moriguchi, 2009; Pauliuk & Hertwich, 201.3nowing the spatial distribution of stocks is

also a key step in vulnerabilignalysis. By integrating the spatial distribution map of

material stocks with a risk map of sea level rise, the most vulnerable areas of stocks can be
identified. This can help to inform and enhance coastal preparedness, planning, and decision
making for nitigating the adverse impacts of climate change and building resilience to

climate risks.

2.4.3 Sea level rise vulnerability mapping

This study maps vulnerable road material stocks in different future sea level rise
(SLR) scenarios in a case study areao63.o0r ged0s Har bor. The resul't
rise in sea level could affect most of the roads in Carenage and the yacht harbour (i.e., the
north and south branches of St. Georgebs Har
cause most of theroadse ar t he shoreline of St. Georgeods
roads near the Tanteen sports ground and T.A. Marryshow College. Under the 2.0 m sea
level rise scenario, over 5,220 meters of coastal roads would be exposed and about 18,188
tonnes of roadtocks would be at rislRoad stocks support the building services of
residential stocks, mixed use (commercial and residential), commercial, and transportation
(e.g., marinas, ports, and docks) would be most at risk Since Geor geds, i s t he
the primary economic hub, and taegest harbor on the islandAccording to the SROCC
report and recent published papers, the global mean sea level would potentially rise by 1.0 m
or even 2.0 m by the end of this century under a high emission sciamber et al., 2019;
Grinsted & Christensen, 2021; IPCC, 20IBhis means that if protection strategies or
relocation plans are nahplementedy 2100, most of the road stocks near the shoreline of
St. Georgeds Har bor wlewllriskardinkndatey. be exposed
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According to the Climate Change Risk Atlas for Grenada and Grenada National
Climate Change Policy (2012021), due to sea level rise and increasing intensity of extreme
weather events, Grenada has experienced severe lossedahresasirces, including natural
resources and manade infrastructur@sovernment of Grenada, 2017b; Simpson et al.,
2012) Potential sea level rise and extreme weather events in the future place significant
pressure on Grenadads coastal area managemen
culture ae highly dependent on the health of coastal ai@asernment of Grenada, 2015)

In 20152016, the government of Grenada outlined thedrated Coastal Zone Management
(ICZM) framework and approved the Coastal Zone Management Policy which was
developed through collaboration with the Caribbean Atemestrial Solutions (CATS) and
the Integrated Climate Change Adaptation Strategies (IC@Afgyam(Government of
Grenada, 20150ne of the goals in the ICZM policy is to reduce coastal vulnerability,
enhance coastal resiliemto natural risks, and promote sustainable coestamunites by
utilizing vulnerability reduction approaches in the coastal management p(Gegssan

Pilot Programme, 2018; Government of Grenada, 2048 nerability or risk mapping is one
of the key strategies for achieving this goal. These methodologies can clearly identify and
assess vulnerable areas or infrastructure, inform future plaonohecision making on
construction in coastal areas, and help develop stabilization solutions to improve coastal

sustainability and resilience.

This study not only maps vulnerable road stocks in Grenada under different sea level
rise scenarios, but alsthowcases the viability to improve current vulnerability mapping
using LIDAR data in amall island statease study. Previous studies on vulnerability
mapping insmall island statesainly relied on intensive field surveys or global and national
DEMs that have coarse resolution and errdhss study utilizes higiesolution LIDAR data
for creating a Digital Terrain Model (DTM) that provides highly accurate elevation
information. Ths LIDAR data is then integrated with other sources of GIS data to map
vulnerability. This significantly improves the resolution of the Haaeth surface model,
enhances the accuracy of terrain mapping, and reduces the time and labour cost involved

with amalyzing a large study area, such as the entire island of Grenada.
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2.4.4 Limitations and future work

As mentioned in Sectio®.2.1.1.1, Grenada does not have antopdate road
classification system with consistamamenclaturavailable(Grenada Ministry of
Infrastructure Development, 202()herefore, the road classification system developed in
this studywas derived from the combination @fad network GIS data d@dHARIM, road
classifications used bMinistry of Infrastructure DevelopmerGovernment olGrenada, and
information on road pavement structures. The road typea@médnclatur@pplied in this
study are developed for the material stock estimation for Grenada, which are not consistent
with the classificatiorsystems used by some government departnfergsthe Lands
Division at the Ministry of Agricultureandthe Physical Planning Uniin Grenada.

Significant revision and update of the road classification and homenclature system are
recommended by the govenent of Grenada in order to better manage the road network,
collect more consistent data, astdengthen cooperation between different departments
Another problem is that the road classification system in this study was developed and
confirmed using secwlary data, satellite images, street view photos, and observations.
Primary field work is required to further validate the accuracy of this classification system;
however, due to the travel restrictiam$ated to the COVIEL9 pandemigcall analyses were
conducted remotely without an ite visit. If possible, field work could be conducted in the
future to validate the classification system and to conduct a comprehensive accuracy

assessment.

Small island statesften face the problem of limited data avhbildy, especially
spatial data sources. In this study, the available road network data for Grenada only covered
the main island of Grenada and has not been updated since 2015. Many small access roads
and new roads are not included and would affect mattdek estimates. Therefore, it is
recognized that the road material stock account for Grenada estimated in this study is not
based on upo-date data and does not cottez entire country. The total road stock account
may be underestimated asesult. It is noted that inrecentyedtst e nadaés economi

growth has beeheavily dependent aime expansion of tourism and constructi@aribbean
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Development Bank, 2019, 202New construction of roads related to new developments
could result in large material accumulation within the s@gonomic system, which may not

be captured in the current road stock account. If compled upto-date road network data

for Grenadareavailable in the future, the material stock could be updated using the same
methodology tested in this study and compared with previous estimates. Furthermore, there
may be more potential drivers behindanoges in material stocks over time, which could be
explored, especially once research travel is permitted to condsdiedireldwork and

interviews with local officials.

Another potential limitation of this study is that composite pavement types were not
considered in the road classification system and material intensity typologies. A composite
pavement type is one wheaa asphalt surfade placedover an existing cement concrete
surface. This is a common approach for road rehabilitation and maintefaiedaigh degree
of similarity between the surface layers of the composite pavement and flexible asphalt
pavement makes it hard to distinguish between the two pavement types from satellite
imagery without having additional datasupplementaryesourceswvailable. Therefore,
only the flexible asphalt pavement, rigid concrete pavement, and unpaved road categories
were considered in this study. Composite paved roads are potentially misclassified into
asphalt paved roads, which could result in errors imtheerial stock calculation. In
addition, since distinguishing between different road pavement types was conducted through
visual inspection of satellite imagery and availablesiba videos and photos without field
verification, uncertainties in materiadbgsk estimates are inevitable. Future studies could
potentially improve the current road classification system and material intensity typologies

by considering composite pavement types.

The sea level rise vulnerability mappipgduced in this studyas ory conducted
for a smalleisample sitelue tothe extensivéiDAR data processing timequired and
limited computer processing capadityat was availabld-uture studies could conduct the
same analyses on other study sites, such as important beacktal aas, or if computing

resources permit, expand the study to cover the entire island. Grand Anse Beach is one of the
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main coastal areas where a large accumulation of tourism stocks are located and are highly
vulnerable to climate chang8impson eal. (2012)predicted that 77% of the beach area in
Grand Anse Beach may be lost under a 2.0 m sea level rise scenario, which would impact
most tourism resorts and hotels in the area. Grand Anse Beach is identified as a potential
study site for vulnetaility mapping, especially if LIDAR data for this coastal area can be
acquired. Due to the lack of hydrological models and tide gauge data, the base water surface
used for sea level rismulationwas derived from a single value (i.e., the average water
levelalongth& t . G eanst)glrtibeduture, more accurate water surface modelling can
be achieved if more detailed hydrological data were available, which would also help to

improve mapping of sea level rise.

This study developed a novel methodpéal approach for Grenada to estimate, map,
and analyze huse road material stocks. It showcases the feasibility ebndding material
stock analysis in themall island statesontext and indicates the important role of road
material stocksim s | and c o tecohomic metabolisn@amdiswstainable development.
Moreover, this study demonstrates tata constraints are the main challenge for current
material stock accounting and vulnerability assessmesrhall island statedt is highly
recommended for the local government to collect, organize, and coordinate data to be
standardized and updated systematically. With reliable aitd-date data sources available,
more accurate and comprehensive material stock esticaibs produced inhe future

aiding in sustainable resource management and climate chdaggtion planning.
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Chapter 3
Utilizing Li DAR Daltmgi of 3BuiGl &i Mg dMda
St ocks

3.1 Introduction

In-use materials stocks play an important role in secmnomic metabolism since
they can shape resource cycling by affecting the input demand for raw materials and the
disposal of environmental waste. Rapid urbanizatimystrialization, and population
growth have resulted in massive material stock accumulation in built environments and huge
environmental pressures including greenhouse gas emissions, toxic or harmful wastes,
resource scarcity, and land use confl{&agiseau &Barles, 2017; Fu, Zhang, Deng, &
Daigo, 2021; Tanikawa et al., 202@Quantitative analysis of {nse material stocks is
necessary for understanding the status of accumulated materials and improving sustainable
development strategi€¥anikawa et al., 2021)Among all types of stocks, building material
stocks are considered to be one of the largest natural resource repositories and has become
the focus of previous material stock resedfanet al., 2021)A few studies have been
dedicated to quantifying building material stocks in developing countries, sgalails
island stateswhich are in a period of rapid urbanizatwith large scaleongoing
constructios anddevelopmentSmall island stateare particularly vulnerable to climate
impacts due to their remoteness, limited resources, and unigquessociomic

characteristics

Research on building material stockssonall island stateis severely limited due to
data availability, including having access to accurate building height information for stock
estimation. Generalizations are adopted for estimates. For example, previous research has
assumed that all buildings of the same classesthe same heig{ymmes et al., 2019)
This assumption ignores theterogeneityamong buildings and faile tcapture height
information for each building. This study aims at addressing this problem by incorporating
the use of LIDAR data in estimating building height and material statks.study
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combines GIS footprint data with LIDAR data to generate “néghlution building height
estimates and utilizes LiDARerived height estimates in quantifying building stocks. 3D
building models and a 3D WebGIS application for Grenada integrating material stocks with
3D city models are developed. Such geospatial methodiproducts provide policy makers

and the general public with new visualization tools to investigate and assess material stocks

from a 3D perspective.

3.2 Methodology

This sectiondetailsthe methodological approach adoptedhis studyand a
workflow is shavn in Figure3.1. Eachstepin the diagram is explained in the subsequent
methodology section&ection 3.2.1 explains the building height estimation and building
stock estimation approachesployed fothe case study of Grenad&ection 3.2.2 describes
how to assess the differences between new building material stock estimates and previous
building stock estimates frobe Kroon(2020. Sectiors 3.2.3and3.2.4illustrate the
processes of creating 3D building models and developing the Welppl$ation

Data collection

|

Building material stock estimation

Accuracy assessment of building
stocks

!

Data conversion

!

3D models visualization &
WebGIS Application development
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3.2.1 Methodology of building material stock estimation

The workflow of estimating building stocks is shown in Figu&Sdnce this study
aims to assess how using accurate heights of buildirtgslging stock calculation can
improve estimates, this part of methodology is based on previous rese&elKogon
(2020 andRob Symmes et af2019) Previous studies calculated the building material stock
by multiplying the material intensity coefficient of each occupancysdigghe number of
floors assumed for each class dnel gross floor area of each building. In this study, the
accurate building height of the individual building was obtained using LIDAR data and the
Gross Volume (GV) was employed as the physical sizlkeeobuilding to estimate the
building stock, which can better capture the real building geometry and improve material
stock estimation. Due to the limited availability of LIDAR data and long data processing time
required, the building material stock esttioa focused on a smaller subarea of Grenada as a
testcase orproaif-c oncept . This area was selected to |
up and developed areas of the island are located and a large amount of material stocks are
accumulated. Fourléis of LIDAR data (covering about 3.874 ) were used, and the

location of the tiles is shown in the previous Figuié(&fer to Section 2.2.4).

Building footprint | LIDAR data

Previous research

Type of Floor area of Height of
building | Building building
Material intensity | Gross volume of
building
| ]

‘ Total building stocks
.

-

Figure8u3d3 .l ding stwarkkfclaow.ul ati on
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3.2.1.1 Building classification and material intensity

The first step of material stock estimation was to classify buildings into different
classes, soalled occupancy classes. Each occupancy class shares a similar construction style
and material composition and is assigned a material intensity (Ml). Isttiag, the
occupancy classification and the material intensity (Ml) veel@tedrom previous research
(see AppendixB; De Kroon, 2020; Symmes et al., 2018ymmes et al2019 developed
the occupancy classification system for Grenada based on footprint data, ldodaism
and other information and classified buildings into 25 clag3e¥roon(2020 assessed the
classification results through fieldwork and reclassified several buildBigse accurate
building height for each building was unknown in previousaese the gross floor area
(GFA) was used, and the material intensity was measur@ifia . In this study, the gross
volume was used to represent the physical size of the buildihgsentails convertinthe
material intensity t&qQ T by dividingthe value of the material intensity by the average
height of one floor (10 feet/3.048 adopted bySymmes et al., 20)9The final material
intensity typologies are shown in Table B.2 (see Appendix B).

3.2.1.2 Building height estimation using LIiDAR data

To obtain the actual height of the individual buildi@, building footprint data were
integratedwith elevation data from theiDAR dataset2D building footprint polygons were
used as the building boundaries and LIiDAR points within building footprihisharepresent
the building rooftops were used to estimate building heigtgtisliscussed in the literature
review (Section 1.2.3), raw LIDAR points within the footprint boundaries did not necessarily
represent building rooftops, so the raw LIDAR pointucldvad to be processed and only
rooftop points were selected for further analysis. The LIDAR data used in this study were
already processed by the data provider and classified into the ground, building, vegetation,
and water points using filter algorithrimsTerrascan software. Outliers that were isolated or
clearly higher than surrounding points were first filtered out and then ground points were
classified by constructing the triangulated surface mibeletively. Building points,
referring to the buildig rooftop points, were classified by identifying planar surfaces. The
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classification results were manually checked and corré@edernment of Grenada, 2017a)
To combine LIDAR data and building footprint data for building height estimation, two main
steps were requireéxtracting LIDAR building points within the building footprints (refer to
Section 3.2.1.2.1) and obtaining building heights through the statistical analysis of the
extracted LiDAR building points (refer to Section 3.2.1.2.1).

3.2.1.2.1 Building footprint adjustment and building point extraction

Due to the inconsistency between the building footprint data and LIiDAR data, the
positions of footprint polygons deviate from the actual building boundaries in the orthophoto
as well as the LiDAR building points. Thereforefdre extracting LIDAR building points
within building footprints, the footprint polygons were first adjusted to mebuilding
boundaries in therthophoto Since the offsets betweé@otprint polygons and the actual
building boundaries were not cost&nt throughout the study site, the adjustment had to be
conducted manuallgatch by batclusingthe Spatial Adjustment tool. After the adjustment,
LiDAR building points within the building footprint polygons were clipped and extracted for

the building heght calculation in the next step.

3.2.1.2.2 Building height calculation and validation

Theheight of a building is considered to be the height difference between the roof
and the ground level. Before deriving building heights from the extracted LiDAR building
points, the points were normalized by the heighthef nearest groundassified pointo
provide the height above ground. According to Park and Guldmann)(20t6ng all
different types of statistical measures used in building height estimation, averagediad
heights of LIDAR building points could better represent building heights. Thus, the average
and median heightsf the LIDAR building points were tested using 30 true building height
measures from previous fieldwork conductedd®yKroon(2020) The mean absolute error
(MAE) and root mean squared error (RMSE) were used to assess the accuracy of height

estimates. The equations of MAE and RMSE are as follows:
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j=1 ()

RMSE = J LS sy
= (6)
wherew is thejth height estimatesy is thejth true building heightgo  wsis the absolute
difference nis the total numbeof selected buildingeRoy, Das, Ambure, & Aher, 2016)
MAE and RMSE are both negathagiented scores, where lower values are deghadmel
et al., 2014)The comparison of the accuracy of the heggtimates is shown in Table 3.1
below. It is shown that height estimates from LIDAR pohdghigher accuracy compared
with the general height assumption for each building class used in previous material stock
research{De Kroon, 2020; Symmes et al., 2018his means that the use of LIDAR data in
building height estimation could better repregée actual shape of the building and improve
building physical size calculation. Moreover, average heighdbetter performance than
median heights (botMAE and RMSEare smaller), so the average heights of extracted
LiDAR building points were adopteds the final building height estimates.

Tabl eCo3mplairi son of the accuracy of height esi
Statistical measure of builMAE (m) RMSE (

Aver ageothiebdRt | gloismt 1.01 1. 27
Medihaeni ght DARII | glo ismt 1.20 1.39
Hei ght assumption for buil2.13 2.58

3.2.1.3 Building material stock estimation

The material stocked in buildings was calculated by:

O0Y B On 0Q ©)
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where0 "Yis the total building stock of material'Ow is the gross volume of all buildings
in occupancy clas®C; 0 @ is the material intensityk{/a ) of materiali in occupancy
class OC (Symmes et al., 2019)

The gross volume of the building is calculated by:
Ow 66 Q0 WHNEHXD I 0 Qa FER 0 ND 1M WD (8)

3.2.2 Accuracy assessment of building material stock estimation

The new building stock estimates of the subarea were compared with the related
building sto& estimates calculated e Kroon(2020)to conduct an accuracy assessment
The differences between both datasets show how using accurate building heights derived
from LIiDAR data in materialteck estimation can improve the results and by what range or

magnitude.

3.2.3 Data format conversion and 3D building models

Since the building footprints for Grenada are originally in 2iag=fileformat, the
FME software was used to convert 2D shapefile to 8GB/IL models based on building
height information. 3D building models cover the main island of Grenada, and the data size
was too large for management and visualization; therefore, 3D building models were divided
into six parts covering six parishes. TWwerkflow of the data transformation in FME is
shown in Figure 3.3. The first step after the data input was to extrude the 2D building
footprint using building heights. Since building footprints for Grenada only had the number
of stories available, the bdihg heights were estimated by multiplying the number of stories
by the height (10 feet) of easkorey(Symmes etlg 2019) The next step was tagthe
CityGML featureswith thegeometry roleand LoD name so they cée written out correctly.
Due to the limitation of footprint data, only LoD1 building madelere creatednd all

buildingswereassumed to have only flat roofa.the CityGMLGeometrySettetransformer,

CityGML LoD Name was set as Al odlSolido and

ficityObjectMembed . The attri butes (e.g., occupancy
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estimates, service typgeetc.) in original data were also included in the CityGML data. After

setting the attributes, 3D building models in CityGML data format wrperted

v Data in ¥ Extrude 20 buildi efleto 3D <0 7 Convertor, LoD & festure rols + Wite Cil &)
input 48 ing shap 48 Setting L T & CityGML &

» Buikling... stgearge q@\’——- 235582 (CiyGMLGeometrySetter 5] 4P Building {:}
P> Extruded 23,582 —c Ing p-n Hm ————{ AthributeManager 55| 235z )
I <Rejectadt -. E

+ Attribute management
¥ Extrude 20 building shapefile o 30 {50 ¥ Convertor, Setting LoD & festure role 53 @

¥ Write CityGML {é‘}
o E’“"“‘;; b —
- 15 Gome B — s B Gla)
» <l Ne,a:md
+ Extrude 20 building shapefile to 30 {5} = Convertor, Setting LoD & feature role 7}
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. (ome B —
Extrude 2D building shapefile to 30 45} Convertor, Setting LaD & feature role Attribute management
v 2 2D building shapefil & v & i @  Wirite GiyGML
——{ | Extruder_
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— i % Build
I Extruded =] 5 151_.————,. Attribut=Manager_& {§} 2T uilding
P <Rejected: o I P Output —_—

Figu3®woRBkfl ow of 3D building model transform

3.2.4 3D models visualization and WebGIS application development

In order to aidnunicipaladministrations anbtbcal citizensin accesmg the 3D

models and material stock data, a 3D vbelsed applicatiowasdeveloped using ArcGIS
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API for JavaScripversion 4.21ArcGIS API for JavaScripdeveloped by ESRI is an
Application Programming Interface (API) between the client and ArcGIS server and is based
on JavaScript. The client can easily make a request through the API and obtain the services
provided by ArcGIS seer, such aembedling interactivemaps in web applications

performing GIS visualization and analysasid queryingpatial dad (ESRI, 202b).

First, all required data (e.g., buildifgotprints parish boundaries, land usaps,
road network data, etoneregrouped into a geodatabase aptbaded to ArcGIS online so
that theycouldbe useds the feature layens the web aplication (or web app)Second, the
3D scenevasdeveloped, and aléature layersvereadded and gted. 3D Buildingswvere
coloured based onccupancy classesdextruded based on building heigh®ep-upswere
set to show furtheattributeinformation about the buildingand material stock3 he road
network data were coloured based on the road kigyavith popups showing road material
stock information. The river map, transportation port location map, boundaries map (e.qg.,
country boundaries, parish boundaries, census enumeration district boundariks)d arse
mapwere alsadded to serve ageference layer.

Third, several widgeteereadded to provide more functionality (e.Jgom in/out,
Pan/Rotate, Reset Orientation, FullscreessdBnap GallerySearch,Layer List, Legend,
Locate, Homeetc.). The Zoom in/out, Pan/Rotate, ReSgtentation, Fullscreen widgets
enable users to adjust the view of map/scene. BeerBap Gallery widgetllows users to
view data from different perspectivbased on different basemaps (e.g., OSM, Streets,
Imagery) for example, if they want to know wheethe building with the highest material
stocks is located, it would be better to use OSM or streets map beazarsshibw locational
information.The Searchwidgetoffers a quick way of finding specific location§he Layer
List and Legend widgets todmtr provides users the information of layers in the app. The
Locate widget can guide the view to where users locate, while the Home widget would bring
users back to default view. Fourth, a customized analysis widget was developed to query
building materiaktock statistics and assess vulnerable building stocks. Finally, the web app
was styled using JavaScriptyperText Markup Languag@iTML) and Cascading Style
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SheetdCSS) and an introductory payp modal box showing brief introduction and credits.

The final web application can be published online or embedded within a website.

3.3 Results

The following sections describe the results of this study. Section 3.3.1 provides a
comparison between LiDARerived building height estimates from this study and assumed
building heights from a previous stutty De Kroon(2020) Sections 3.3.2 and 3.3.3
compare the recalculated building material stocks with previous building stock estibetes
Kroon, 2020) 3D building model and 3D WebGIS application results are shown and
explained in Sections 3.3.4 and 3.3.5.

3.3.1 Comparison of height estimates

Table 3.2compares thassumed building heighpseviouslyfrom De Kroon (2020)
and LiDAR-derived building height estimatesn t he sampl e si te .of
Only buildings with height offsets larger than 0.1 m were accounted for due to the LiDAR
vertical accuracy. MAEs the mean absolute difference between assumed and LiDAR

derived values:s follows:
D60 -B 006 00 9
RMSE is the root mean squared difference calculated by equdion
YO0 YO —B— (10
where n is the number of building footprints, j is the index of footpfdd, is the assume

building height from previous researddp is the LiDAR-derived building height estimate.

The results show that using LiDAR data produced fairly different building height
values as compared with the values assumed based on occupancy classe$cQv¢n®6
buildings experienced variations in height and the MAE and RMSE were about 2.15 m and

2.67 m respectively. Figure 3.4 presents the spdis#ibution of LiDAR-derived building

82



height estimates compared to assumed building heights frokrdaa (2020) In this map,

the building height assumptions usedd®Kroon (2020)are classified into four classes

based on the number of floors. The average height of one storey was about 10 feet or 3.05 m
(De Kroon, 2020; Symmes et al., 201%herefore, buildings with one floor (i.e., single

storey buildings) were about 3.05 m; buildings with two floors (i.e.;gt@oey buildings)

were about 6.10 m, and the following clasaessimilar. For comparison, the LIiDAR

derived height estimates are classified into five classes and the values of the upper end of the
classes are set as 3.05 m, 6.10 m, 9.15 m, 12.20 m, and the maximum height value. Figure
3.4 (a) clearly shows that ugiiLiDAR data in height estimation can better represent the
heterogeneityf building heights. In previous reseai@e Kroon, 2020; Symmes et al.,

2019) the building height was assumed based on occupancy classes, which means that
buildings in the same class shared the same height value. This can be seen in Figure 3.4 (b)
that buildings with theame number of floors (in the same colour) tend to be clustered

showing homogeneity. In addition, previous research assumed four floors as the maximum
building height (about 12.20 m); however, buildings with a height over 12.20 m actually do
exist, such athe St. George's General Hospitahich has five floors and is over 17 m in

height. LIDARder i ved hei ght esti mates can better c:

enhance the accuracy of such estimates.

Tabl eCaB8Bmpari son bet ween a(sBea m€rdo dawnidl 210i20HA Rh e |
derived buil diinng thhee gsha mpelset ismattee.s
# of buil dings “MAE (m) RMSE ( m)

2294D6. 6 %) 2 51 2 76
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3.3.2 Comparison of building material stock estimation

The total amount of building materi al
recalculated using the LiDARerived building heights. As shown in Table 3.3, the new total
amount of building stocks was estimated td.[i®299kilo tonnes andhe sum of
differences was about IBkilo tonnes compared to the estimat@50.07 kilo tonnes) from
DeKroon (2020) The MAE and RMSHbetween two total stock estimatgsre about 168
tonnes and 445 tonnes respectively. MAE refethéonean absolute difference betweba
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material stock estimate froBe Kroon (2020@andthe material stock estimate usihiDAR -

derivedheights(Equation11).
D00 -B 070 0°7YD (11

RMSE s the root mean squared difference calculateBduation12.
€ ©w (33 € B
YO YO —M (12)

where n is the number of building footprints, j is the index of footpbinly 0is the mateial
stock estimate from previous researghyy Ois the material stock estimate usin@AR -

derivedheights.

The results illustrate that using height assumptions based on occupancy classes in
material stock accounting resultedowerestimation in building stoastimatesompared to
using LIDAR-derived heights. The most discrepancy in material stock estimates could be
found in concrete with the highest MAE and RMSE since concrete is the main material used
in building constructionkigure 3.5 illustrates the spatial distributions of differences in
building stock estimate3he majority of buildings (74%)adhigher stock estimates in De
Kroon (2020) compared to this study. High discrepancy of stock estimates occurred in
buildings wih larger footprint areas, suchB#\. Marryshow Community Collegé&t.
George's University General HospjtQualiTech Medical Laboratory IncandBryden &
Minors Office Equipment Division
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Material tYAggregTi mber SteelConcr Tot al
o d M®w MS6,250.2,987.778.¢¢47,0657,077
MA E 3347 5.44 2 .11 126.5164. 8
RMSE 94.89 1195 550 334. 7 44%. 2
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3.3.3 Comparison of building material stock by service type

Table 3.4 below compares the differences between building stock estimates by
servicetypes. The most significant sum of differences of stock estimates occurred in the
residential sector (58 kilo tonnes), followed by the commercial sector (46 kilo tonnes), and
mixed use sector (30 kilo tonnes). However, the highest discrepancy of stoekesin
each building (MAE or RMSE) was observed in the health sector (1,685 tonnes), followed by

industrial, commercial, and institutional sectors.

Tabl eDi3.f4esrences between ol d bui Kdio@®0ORMMS) st
and new buil ding MSs(dthinmat)e d nby hse rsvaimpd et ysg

Service typeSum (od4inde w3 MAE

Heal t h -2,888.90 814.12 1, 684. 9¢
Tourism 8, 182.86 593.36 782.25
Residential/ 57,516.58 78. 64 137. 34
Cul tural -5,052. 35 201. 40 439. 76
Recreational -2, 913. 70 135. 81 210. 64
Transportati -4,174.92 248. 77 653. 32
Commerci al -45,896.53 642.381,373.09:
I ndustri al -4, 149. 87 1,383.1,504. 5!
Il nsti t-Educma&a 28, 656. 25 812.951,353. 1!
I nsti t-Othema -2, 285. 88 616. 37 1, 096. 4:
Mi xed Use 30, 083.88 161.07 341.54
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3.3.4 3D building model

Figures 3.6 and 3.7 show examples of the 3D building models developed for Grenada
in CityGML format using the FZKViewer software. CityGML is the most popular
international standard and exchange format for 3D city models and can represent both
semantics (i.e., the meaning of the componantsattributes and the relationships between
comporents) and geometry of the modé®olbe, Donaubauer, Kolbe, & Donaubauer, 2021)
In this study, realorld objects are modelled as the building feature type at the semantic
level, with attributes including the use type, occupancy class, building code, number of
floors, height assumption, material intensity coefficient, material semekice type, and
other properties (as shown in Figure 3.8). The geometry is set as LoD1 solid block model
which only has a flat roof. 3D CityGML building models developed in this study not only
represent the buildings in Grenada from the 3D perspdutitvalso integrate material stock
and service information with the model, which can enhance data visualization and aid in

future material stock management and urban planning.
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3.3.5 3D WebGIS application

The Grenada 3D Material Stock Web Applion was developed usi#gcGIS API
for JavaScriptversion 4.2Jand allowsgyovernment officialsplanners, citizens, as well as
people around the world to explore material stocks in Grenada from the 3D perspective and
interact with the 3D city models. Tla@plication is shared on the following link:
https://codepen.io/Lingfei_ye/full/yLogBgMrhe code of the application including HTML,

CSS, and JavaScript can be viewed at this hittiis://codepen.io/Lingfei_ye/pen/yLogBgM

The screenshots of the application are shown in Figures 3.9 and 3.10 below. An information
box briefly introducing the application and credits pops up when users first open the
application and users can click on AStarto t
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https://codepen.io/Lingfei_ye/full/yLogBgM
https://codepen.io/Lingfei_ye/pen/yLogBgM

Welcome to Grenada 3D Material Stock Web Application Ll ;

PR - This is a non-commercial 3D WebGIS application developed for material stock exploration in Grenada. It oty
is developed using ArcGIS API for JavaScript version 4.21 and allows users to explore material stocks -
. in Grenada from a 3D perspective and interact with the 3D city models (e.g.. zooming in or out, viewing
material stock information in buildings and road segments, querying material stock statistics by geometry, &
A assessing building material stocks vulnerable to Sea Level Rise, efc.) . \\
A 5 ~v
Credits:
< @ v :
¥z g The following external libraries and datasets were used in developing this application: \‘\ TN
Building footprints, road network, rivers, transportation ports, and administrative boundaries \ / 4
v 4 a published on Caribbean Handbook on Risk Information Management (CHARIM). This </
website also has a set of maps that use these layers.
L{?‘ Land use & land cover map provided by Ministry of Agriculture, Forestry & Fisheries, ¢
Government of Grenada & - L
' creatl Material stock data developed by Rob Symmes (2017), Kristen De Kroon (2020), and -
Lingfei Ye (2021)
Sea Level Rise scenarios developed from Grenada Digital Elevation Model (DEM) (for
Grenada case) and the Digital Terrain Model (DTM) (for St. George's case) derived from B
LiDAR data (provided by Use Division, Ministry of Agriculture, Government of
Grenada)
Ul icons built by Esri for applications (calcite-ui-icons). o Bulldinginane
E t Contact: Lingfei Ye (University of Waterloo) a ,
lect the study area to filter on
{
estimation using LIDAR
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The building layer and the road network layer for the main island of Grenada are the
default layers showon the application. Buildings are coloutsked on their service types
and roads are coloured based on the road hierarchy. The height of each building block
represents the building heiglather layers include the building layer for the sample site in
St. Georgeds, river |l ayer, transportation

administrative boundary layers for Grenada (as shown in Figure 3.11).

~ @ Building & Road Material Stock
in Grenada

<@® Building

@® Road network

~ @ Building Material Stock in St.
George's (St. George's Harbour)

<@® Building (Height = .-
estimation from LiDAR
data)

® River

® Transportation Ports = -

@® land Use & Land Cover = ***
(2009)

¥ @ Administrative Boundaries

(O Enumeration District
boundaries

(O Parish boundaries =

(® Country boundaries EI vee

Figut®Hud.l | i stGrefnaldaay 8rDs Mart eri al Stock Web

Figure 3.12 preides a screenshot of the application with annotations explaining
divisions and widgets in the application. The information icon (#1) is for turning on the

information box as shown in Figure93The #2 division is the layer list and legend division
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with three actions (i.e., go to the full extent, increase or decrease opacity) on the layer.
Several widgets (#3 & #9) for adjusting the view are placed on the left side incEabing

infout, Pan/Rotate, Reset Orientation, and Full Screen. The #4 buttonrcan @md off the

layer list division, while the #8 button can turn on and off the analysis on building material
stock division (#11). The #5 Home widget can lead users back to the default vidve &7id
Locate widget and #10 Search widget allows useg® tto their current locations or

locations they wish. The Basemap Gallery widget (#6) provides users with options to display
different basemaps under the layers. When clicking on an individual building or road
segment on the map as shown in Figures 3.813al¥, a pofup appears presenting

information on the object, such as the class, size, and material stock information.

i =
< l‘ i ;
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adjusting the view
—SeTVITe A e
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= e
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Fi gut2Gr®nada 3D Material Stock Web Applicat.i
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Two types of analyses on building material stocks were added to the application: sea
level rise vulnerability mapping (Figures 3.15 & 3.16) and spatial query by custom geometry
(Figure 3.17). Two study areas can be selected using the checkbox; oneamtisand of
Grenadaand another is the sample site in St. Ge
the Grenada study area, the building heights were based on occupancy classes, while material
stock estimates were from previous research by De K({2@20). Sea level rise scenarios
(2.0 m and 2.0 m) were generated based on a Grenada DEM-migke5 pixel size. For the
St. Georgeds study area, the building footpr
were derived from LIDAR elevation data esplained in Section 3.2.1.2. Material stocks
were recalculated using the LiDAGRerived heights (refer to Secti@.1.3 and the sea
level rise scenarios (0.25 m, 0.5 m, 1.0 m, 1.5.0w9 were generated using DTM created
from LIiDAR data (refer to S¢ion 2.2.4).

In terms of the sea level rise vulnerability mapping, users can select the scenario
using the drogdown box, after which the inundation zone is automatically displayed in the
view andthe buildings vulnerable to the sea level rise scenaritigidighted. In addition, a
related result division appears in the top right corner displaying summary statistics including
the total number of vulnerable buildings, the amount of vulnerable building stocks, and two

pie charts showing material stocks bgterials and service types.

In terms of spatial query by custom geometry, users can easily draw a poilmgpoly
or polygon on the map and set the buffer size using the slide bar to select buildings. The
summarized material stocks statistics of selebteldlings are then presented as shown in
Figure 3.7.
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3.4 Discussion

This section discusses the key resuisf the 3D GIS modelling of building material
stocks in Grenada. The effects of utilizingpAR data in building heighéstimationand
material stoclestimationin the context oémall island stateare discussed, followed by a
discussion of the 3D prodwfi.e., 3D building models and 3D WebGIS application) of this
study.A comparative review of building material stock studies in Grenada are included and
limitations of this work and potential future work are also addressed.

3.4.1 Building height estimation using LIDAR data in the context of small
island states

In this study, with the lower MAEnfean absolute errpand RMSE oot mean
squared errordrom the ground truth height, LiDAWerived building height estimates show

higher accuracyhan height assumptions based on occupancy classes (i.e., buildings of the
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same occupancy class share the unified height value) used in previous research. Compared
with the LIDAR-derived height estimates, the assumed building hefghtsDe Kroon
(2020)based on occupancy classes tend to overestimate building heights and fail to capture
the reterogeneityf building heights within the same occupancy class, whioloie

problematic for urban areas where diverse buildings are concentrated.

Due to limited data availability, current researchsarall island stategsually utilizes
classified building datasets with unified height assumptions and assumes uniformity in
building dimensional characteristics in each building class. Few previous studies have
considered obtaining the actual height of individual buildings using LIiDAR elevation data
instead of manuain-site surveysThe automatic process of building height eation using
GIStechniques can save considerable manual effort and be applied tsdalgastudy areas.
This study not only explores the viability of using LIDAR data to estimate building heights in
the context obmall island statedut also demonstred that LIDAR data can provide more
accurate building height estimates and better cagiterdimensional characteristic$
buildings. These findings are consistent with resultgret/ious studies using LIDAR data to
extract building heights in developstlidyareagPark & Guldmann, 2019; Wu, Blunden, &
Bahaj, D19).

3.4.2 Material stock estimation using LiDAR-derived building height data in the

context of small island states

The accuracy of building height assumptions or estimates affects the accuracy of the
physical size estimation and material stock estimation. Accurate material stock estimation is
essential for efficiently managing materials stocked wittsn@ceconomicsystem,
controlling material inflows and outflows, and enhancing material reuse and recovery. This is
especially important fosmall island stateshich are limited in naturalesoures anchighly
dependon material importsThe building height accuracyssessment shows that building
heights estimated from LIDAR elevation data can improve the building height assumptions
adopted in previous material stock studies in Grenadeefore, LiDARderived height
estimates were used to recalculate accumulatediaiagtercks in an urban area of Grenada

99



Theresultsshow that using height assumptions from the previous res@2ediroon, 2020)
resulted in 57.08 kilo tonnes of overestimation in building stock estimates (aboub#t!3&o
tota stocks) compared to using LiDA&erived heightsSince most of buildings in Grenada
are concreténtensive, it is not surprising that the most discrepancy in stock estimates could

be observed in concrete, which accounted for over 80% of the total ffec&rde.

Among all service types, the largest s.shdifferences were observed in residential
buildings, followed by commercial and mixed use buildings. The most significant variation
in each building occurred in health service buildings, followedHbustrial, commercial, and
institutional buildings. This is because residential and mixed use buildings tend to have lower
numbers of floors and smaller footprint area compared with health, industrial, or institutional
buildings, which leads to lower diffences of stock estimates in a single building. However,
the numbers of residential and mixed use buildings are the highest among all service types;
therefore, the sums of stock differences are the highest. Health, industrial, and institutional
buildings £nd to have larger footprint area among all buildings, resulting in higher errors in

individual buildings.

3.4.3 3D building model and 3D WebGIS application
This study developed the 3D building models and 3D WebGIS application for

Grenada to integrate materi&bsks with 3D city models. The 3D building models are in
CityGML format which represents both semantics and geometry of the models and helps
improve data integration, communication, and interoperalj@typer & Plimer, 2012)

Including material stockservice type, occupancy class, building code, height assumption,
and other attributeshe 3D building models for Grenada can be easily applied to future urban
planning use cases, such as visualization for a#ieig, urban information communication,
vulnerability assessment, material stock management, carbon emission assessment, and

energy demand assessment.

Because of the complexity and large size of GIS data and 3D city models, clients

without technical knowlgge and specialized software may find it challenging to access and
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understand the data. Therefore, it is important to develop driesadly interface to allow

for easy interaction between practitioners with 3D models and datasets. This study developed

a 3D WebGIS application based on ArcGIS API for JavaScript, which visualizes the status of
in-use material stocks in Grenada from a 3D perspective. Users can navigate through the 3D

city model of Grenada by utilizing simple operations (e.g., drag, rotatk, etc.). Related
information can be viewed, including the str
different materials stocked in the structure. Users can also query material stock statistics of
selected buildings by drawing shapes on the mdmatain summary statistics of vulnerable

material stocks by selecting sea level rise scenarios.

Integrating material stocks in 3D city models and the WebGIS application explores a
new application of material stocks and provides a novel way to presestahstock
estimates instead of using static maps or tabular statistics ottpig@D WebGIS
application allows policy makers and practitioners to visually assess material stocks from a
3D perspective and enhance their understandingudenmateriastocks. In addition, this
application enables the general public to get close to 3D city models and material stocks and

encouragepublic participatiorin urban planning.

3.4.4 Comparative review of material stock studies in Grenada

There havébeen three studies (including this study) focusinguilding material
stock accounting and analysis in Grenéda Kroon 2020 Symmes et al2019).The
comparison othethree studies is summarizedTiable 35. All three studies used Glssed
bottomup approaches to quantify and map these building material stocks in Grenada.
Symmes et al. (2019) developed the first set of building material intensity coefficients and
classified buildings into different occupancy classes. Each occupancy classsua®d to
be homogeneous sharing the same material intensity typology and the same number of floors.
Building stocks were then calculated by multiplying material intensity by the gross floor area
(GFA = average building height xfootprint are&ymmes eal. (2019) assigned each
occupancy class an average building height (the number of floors) based on composite image
interpretations without accuracy assessment. Therefore, De Kroon (2020) conducted
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fieldwork and assessed the accuracy of building heightgstsons and associated

occupancy classes used by Symmes et al. (2019). Based on the accuracy assessment results,
De Kroon (2020) modified the building classification throughout Grenada and recalculate the

building stocks using the same equation as Synahak (2019). Although De Kroon (2020)

tried to improve the height assumptions from a national level based omdrkld

observations, the heterogeneity among buildings of same class and the vertical assemblies

have not been captured. This study aimedidtessing the assumption in previous studies

that each occupancy classes has the same number of floors and integrated LIDAR data with

footprint data to obtain the actual building height of individual building. The building stocks

were recalculated by mybllying the material intensity by the volume of buildimglCulated

from the floor area and building height).
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Results of De Kroon (2020) illustedthat heights of buildings with different
numbers of floors were not overlapped so it is reasortaldpplyheight assumptions and
gross floor area to building stock accounting in Gren@daiparing the height assumptions
used by Symmest al. (2019with the fieldwork observation®e Kroon (2020) observed
the underestimation of numbers of floors in 32% of buildings surveyedwaandstimation in
14% of buildingsDe Kroon (2020) found that 55% of building samples were not classified
correctly in the clasfication system used by Symmegtsal. (2019) The major
misclassification (32%) occurred in residential buildings and betweaharea single
family dwellings pnestorey buildingyand residentiaarea singldamily dwellings(two-

storey buildings). ferefore, De Kroon (2020) modified the building classification by
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converting 32% ofuralarea singldamily dwellingsto residentialarea singldamily

dwellingsthroughout Grenada.

Results of this study demonstrate thi?AR -derived height estimategere closer to
the true building heights compared with height assumptions in Syetnaég2019gandDe
Kroon (2020)andcan properly represent the heterogeneity among builddg&roon
(2020) found that heights of residential buildings tite be undezstimated in previous
height assumptions by Symmetsal. (2019)which resulted in underestimation of total
building stocks. However, this study finds tiathe sample sitdyeights of residential
buildings were overestimated in previous height assumptdy De Kroon (2020) and
Symmest al. (2019 Comparing the stock estimates in the sample site calculated by De
Kroon (2020) and this studysing the clasbased height assumptions resulted in about
57.08 kilo tonnesf overestimatiorfabout4.8%) compared to using LiDARIerived heights.
When applying this to the whole islartiere would ben overalldifferenceof 640 kilo
tonnes (7 t/capita). ésidential, commercial, mixed use, and institutidnalding stocks
resulted in the largest sumdifferencesThe highest discrepancy of stock estimates in
single building was observed in the health sector, followed by industrial, commercial, and
institutional sectors, which tend to have buildings with larger footprint area. Comparing three
st udi legilding stack estimates for Grenada (as shown in Table 3.5), it can be seen that
De Kroon (2020hadthe highest estimate$4,012 kilo tonnesl 32 t/capita) followed by this
study (3,372 kilo tonnes, 125 t/capjitand Symmest al. (2019 (11,959 kilotonnes, 112
t/capitg. The difference between this study and Symeied. (2019was1,418 kilo tonnes
(7 t/capita).

Comparing three studiesd building stock e
distribution of building stocks (as shown in Fig®.&8), it can be seen that using LIDAR
derived heights in stock estimation resulted in higher standard deviations, which indicates
that building stock estimates using LiDARrived heights can better capture the deviation
among buildingsSince De KroonZ020) only modified the residential building classification

and the footprint area of residential buildings is relatively small, iser@ obvious changes
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of stock estimates in individual buildings and the spatial distribution of stock estimates is
similar with results of Symmes et al. (2019). However, building stock estimates using
LiDAR -derived heights in this study show different distribution from the other two studies.
Buildings with larger footprint areas show distinct differenioestock estimateand stock
estimates of mixed use buildings which cluster in the town center (on the west of the

Carenage) show more heterogeneity.

Fi gur8eCo3mplari son of building materi al stock

Grenada (Symmes et al . th2@8d®y) De Kroon (202
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