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ABSTRACT

Climate changeis a major threat to criticalinfrastructure as well asefficient
infrastructurespending and longerm planning This has encouraged many fieldsch

as geotechnical desigrio finding solutions Many scientists believe that current
conventional geotechnical designs cannaamage the threat of climate change. Risk
based approaches, which incorporate risk assessments into all phases of the
construction procss, are being explored as an option. Three types ofbaslked
approaches are sustainable design, resilient design adaptive desig and are
currentlybeing usedn geotechnical asset management. The Caribbean Region, which
is exremely vulnerable to climate change, is interested in the survival of their critical
infrastructure. However, little @search has been done on the potential impact of
climate change on the geotechnical assets at their critical infrastruetndethe roleof

an Engineering Geologist

Critical infrastructure of airports, seaports and energy facilities ttweit geotechnical
assetswere used ¢ identify the potential impacts of climate change the Caribbean
Geotedhnical assetselectedfor investigationwere pavements, embankments, fill and
ground improvement and foundation$Sealevel rise scenarios df5°C, 2.0C and 3.8C
weretestedto identify the risk tawenty-four criticalinfrastructurelocated within 500m

of the coastlinesof Janaica, Babados and StlLucia. These scenarioswere used to
generate risk matrices and identify risks to critical infrastructure and the geotechnical
assets.Additionally, theywere saibsequently used to determine if current conventional

desgn and/or riskbased approaches were more suitable.

The study has shown that both types of desigresapplicablen the Caribbeanbut the
risk-based approachesre more suitable Additionally, nmany uncertaities in the
geotechnical, political, financial and eramimental aspects/ould have to be considered

in design However, more research is needed, and the Engineering Geologist will have

to play a greater role in design for the future.
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Terms

Definition

Actions

Permanent, transient or accidental loads and other force
that will affect the limit state of atructure.

Climate change

The alteration of longerm (~30year) average weather
conditions and trends caused directly or indirectly mainly
human activity through greenhouse gas emissions, and |
so by natural climate variability such as volcanigéons
YR a2t N Oedft Sae® DI DQa S
0SYLISNF GdzNSa ¢gKAOK FNBE | ¢
composition (IPCC, 2013).

Critical infrastructure

Body of systems, networks and assets that are so essen
that their continued operation, safety, reliability,
preservation and protection are required for national
aSOdNR Gezx SO2y2YASasz |yR
(Hawhn, n.d.; Mordor Intelligence LLP, 2020)

Dolos

Reinforced concrete block in a geometric shaged b
build revetments for protection against hydraulic action o
waves

Geotechnical Asset
Management

The management, monitoring and maintenance of
geotechical assets for the purpose of protecting or
preserving infrastructure.

Geotechnical Assets

Engineered ground or designed ground solutions. These
include earthworks, foundations, retaining walls,
engineered/improved fill, subgrades, etc.

Geotechnical 5ks

Risk to construction and structure createdtbg site
ground conditions and humans

Ground Soil, rock or fill.

Loads Stresses imposed on the ground by structures.
Recpnstructlve Designs for removing and rebuilding structures.
Designs

Rehabilitaive Design

Designs for repairing angbgrading structures in
accordance with new standards, guidelines or
requirements.

Resistance

The ground. Acts against the forces of actions and loads

Risks

Quantified uncertainties with the possibility of actionsda
resulting outcomes

Thermahydraulic
properties

Soil properties such as permeability and the coefficient ¢
thermal expansion, thermal conductivity and heat capaci

Uncertainties

Questionable and possibly unpredictable things.
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1 INTRODUCTION

1.1 Background

Climate change(C.C.)threatens efficient infrastructure spending and lorigrm
planning It is also the biggest threat now and in the futurectitical infrastructure (C.1.)
that have undergone increasing diversity, are more interrelatediatestdependent and
more expensive to build and maintafRranco, 2020)dimate related disastersost the
world US$650 billiof2016-2018 andcould costUS$7.9 trillion by 205QDiChristopher,
2019; Agence Franderesse, 2019)Thus drivingmany disciplines, such asaednical

engineering to finding solutionene areathis can be applied to is design

The ground supmrt and protectionof C.l.are currentlyadministeredby conventional
geotechnical designvhere engineering geologists operatiés purpose is to ensure that
the ground andgeotechnical asset§G.A.)are fit for purpose and are strong, safe,
serviceableand durablgBritish Standards InstitutiofBS), 2013) With relatively recent
standardisation and global adoption of geotechnical design stand#rds relevance
and suitdility need constant reviewEitner et al., 2002; Eggers, 2016)Designing
structures to fulfil their design lives is one feature of desigd must involvenanaging
future developments and threatsHowever, reent research indicates conventional
design may not be appropriate to handleCCs threats, whether based upon their
management, philosophy, applicability, or that some extreme climate hazardsneére
designedor or happen faster than standards are upeld (Nicholson and Bice, 1992;
Weeks, 2013) Riskbased approaches are another type of design proposed to better
manage ground uncertainties and impact of QGibbs, 2012; Kannan, 2017) o
prepare for the future, conventional design and flsksed approachesndthe role of

the engineering geologisteed to be reviewedgainst gprobable future.

One of themost vulnerable regions in the world ©.Cis the Caribbean, namely the
islands. Governments, investors, insurance companies and international development
agencies are concerned with infrastructyreortemplating both the opportunities of
deweloping the Blue Economy and the threats &.C.to national and regional
development(Caribbean Development Bank, 2018he devastation caused during the

2017 Atlantic Hurricane Seasomgsulting in damagesof over US$100 billionand
Page |1
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counting prompted the regional body, the Caribbean Community (CARICOMggm

plans on creatingthé 2 NI RQa FANRG / f it 4 go& tow.Sdemtt R Syl
. S0 (\VBiINdEs@D et al., 2018; Morgan, 2018Foastal C.Inamely transport (airports

and seaports) ancenergy facilities wee and are guided by conventional design

However, a rislbased design approach may thee better solution.

1.2 Justification

Ground engineering is contributing to solutions for C.C.through research and
geotechnical asset management (@#\ Recent geotechical and engineering
geological studies have attempted to determine the potential impa& .&and climate
variables to ground materials and properties aBdA.(Vahedifard et al., 2018; Tang et

al., 2018; Chang et al., 2019; Vardon, 201@pst studies ardvased on the climates of
Europe and U.S. and use climate statistical trends, modelling, projections and scenarios.
The U.S., U.K., Canada and New Zealand have also begun usidtpagiskpproach in
managing and maintaining G.A. for transport C.I. tiglo.A.MARUP, 2010; Jared et

al., 2018; Vessely et al., 2019; Kelsey, 2020; Spink,.2020)

Climate change scenarios may be a useful tool for planningdamdlopment. It can
present potential impacts, identify uncertainties and risks and examine the
preparedness and resilience of existing and future infrastructure. Recently, numerous
studies have been conducted by international agencies, governmentgeaedrchers

on the vulnerdility of Caribbean C.I. to C@lurse et al., 2014; Sjéstedt and Povitkina,
2017; Monioudi et al., 2018)However, little research has be@wone on the potential
impact of C.C. on the ground or G.A. of C.l., as in the above studies and G.A.M. in the
above countries. Additionally, the climate vulnerability studies have not mentioned the

role of design in the process or the future role of thegmeering geologist.

1.3 Pumpose and Significance

This research aims to contribute to the discussion of geotechnical design and
engineering geology for the future and provide a useful basis for studying the impact of

C.C. on G.A. in tropical regions. Thepl@ability and suitabilit of conventional design

Page |2
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and riskbased approaches to potential future Caribbean C.C. scenarios will be
examined. It will do this by investigatjthe potential impact of these scenarios on the
C.I. of airports, seaports and ewgr facilities, their G.Aand the future role of the

engineering geologist

This study issignificantbecause it could contribute to the study, potential use, and
impact of riskbased design in the Caribbeand other Small Island Developing States
(SIDS). It could also promote e importance of engineering geology to Caribbean
governments, insurance companies, international funding agencies, infrastructure

design consultants, geotechnical firms and universities

1.4 Aims and Objectives

The aims and objectives are:
Aim 1: To citically review current geotechnical design approaches3ax.
found at selecC.|
Objectives: 1a) Identify current conventional design and the role of the
Engineering Geologist as it relates to pavements, embankm
fill and ground improvement and foundats.
1b) Examine the advantages and disadvantages of conventic
design and the treatment ofC.C
1c) Examinethree types ofrisk-basedapproaches

andcompare conventional design and Hssed approaches.

Aim 2: To cetermine the potential riskof C.Cto selectCaribbearC.l.and their
ground conditions by 2100.
Objectives: 2a) Identify potential futureC.Cthreatsto the Caribbean.
2b) Identify airports, seaports and energy facilities within 500m of
coastline of three Caribbean courgs, the hazards that currentl

affect them and their ground conditions.

Page |3
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2c) Qeate two risk matrices tdeterminethe risk of SLRscenarios to
i. TheC.l.
ii. The G.A.atthese C.I.

Aim 3: To cetermine the potential impact and application of theesigrs to
the future scenarios.
Objectives: 3a) Determinehow both types of designsanbe applied to these
future scenarios for existing and nedvl
3b) Identify the uncertainties and issues that need to be addresse
these designs.
3c) ldentify the potential role of theengineering geologish designs

for the future scenarios.

1.5 Dissertation Outline

This dissertatiorconsists okixchapters

Chapter 1. Introduces the background, aims and objectijastification, purpose
and significancef this research

Chapter2:  Presents the researchtrategy datacollection process ofinalysis and
limitations surrounding the methodology.

Chapter3:  Presentghe findings ofAim 1 on the review of current designs.

Chapter4:  Presentghe findings of Aim 2 on th&uture risks ofC.Cto C.l.and their
ground conditions in the Caribbean

Chapter5:  Discusses the suitability and application of current designs to the future
risks.

Chapter6:  The conclusionandrecommendations for futureasearch.

A review of therelevantliterature will beincorporatedinto Chapters3-5.

Page |4
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2 METHODOLOGY

Various stageswere usedto assess whether conventional designs or -hiaked
approaches are suitable for use in the Caribbeligure 21 outlines tre entire process

and the relevansections followed by limitations.

Develop a Strategy to Collect Data

(Section 2.1) Using the Caribbean Context and
* risk matrices, determine suitability
of designs & suggest further
Select the types of G.A. designs research
from selected C.l. and review them (Section 2.3 & Chapter 5)

(Sections 2.2 & 3.2)

n 4

Generate risk matrices for the
Select Caribbean countries and potential impact of SLR scenarios
their C.I. for review on the C.I. and G.A.
(Section 2.2 & 4.2) (Section 2.3 & 4.3)
Identify the Caribbean’s potential Assess potential impacts of climate
future climate scenarios and select * scenarios and SLR scenarios on the
SLR for test scenarios C.l.and G.A.
(Sections 2.3 & 4.2.1) (Sections 2.3, 4.2.2 & 4.3)

Figure2-1: Flowchart outlining the methodology.

2.1 StrategyandData Collection

An online desistudy of relevant qualitative and quantitative sewtary data was used

for this project. This included relevant government statistics, geology, soil, hazard
vulnerability and susceptibility maps; environmental impact assessments and
vulnerability reports of the selected C.I. to C.C., and reports fromorei and
international and regional agencies regarding climate change ilCHrébean andhe
vulnerability of C.I. to C.CSoftware tools from credible organizations were used to
generatemaps, charts and test scenarios in the Caribbean. Primary datagathered

from online interviews with practicing geologists Mr. Norman Harris (Jamaica) and Ms.
Nesha Nurse (Barbados)validatell KS &S O2yRINE AYF2NXI GAZY

andtreatment of design and maintenance.

Page |5
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2.2 Selection of.1, designs ad sites to be tested

Figure 22 outlines the process of selecting the G.A. and current designs reviewed in
Chapter3.. SR 2y (GKS /IFINAROooOoSIyQa LRtAGAOIf kK
foreign development and investment, and proximity to the UiSwas assumed that

many of thke coastal C.I. were and will be designed and built using their codes and
standards. European and relevant U.S. standards were used as the guide for
conventional geotechnical desigdournal articles, books, case studied geotechnical

reports and standrds were used to compare designs in Chapter 3

Current Conventional Geotechnical Design

—

GEOTECHNICAL
DESIGN ASSETS

CRITICAL

INFRASTRUCTURE | Select critical
components

Pavements, Engineering

Geology for
designs

Airports, Seaports of the

and Energy infrastructure
Facilities

embankments,

filland ground

improvement &
foundations

N

Risk-based Approaches:
Sustainable, Resilient & Adaptive designs

Figure2-2: Procesdor selectingthe G.A and designs discussed in Chapter 3

Subsequently24 coastalC.l.comprising aports (5), seaports (6) anehergy facilities
(13- 9 power plants, 2 oil terminals, 1 LNG terminal and 1 oil refinery) across three
countries(Jamaica Montego Bay and Kingston, St. Lucia and Barbades) selected

for the analysis in Chapterasdisplhyedin Figure 23.
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Selected Countries: Jamaica, S$t. Lucia
& Barbados

Information available on climate change &
infrastructure

Location, Size, Geology and Topography
variation

Figue 2-3: Pyramid diagranmof the selectionprocesgor countries and C.I.

2.3 Scenarios andeneratingrisk assessments

¢ KS | dmexpéribidoeivith climate modelling and wind analis were originally
consideed for selecting the tesscenarie. Additionally, initial reviews of the ground
and topographic parameters at selected sites were unsuitable for slope anaBsi®f

all the manifestations of C.C, SLR scenarios, whichemilsed, have been regarded as
having both a very high degree of confidence in the detection of observed impacts, and
a very high degree of confidence in attribution to C.C. drivers withipi¢ed small
islands(Nurse et al., 2014)A freeKMLfile on SLRelative to global temperatures from
the tool Surging Seas: &pping Choicepy Climate Central was usedAccording to
Climae Central (2020), their Caribbean data isigh accuracy elevation dataset for low
lying coastal areas with30m in horizontatesolution. Figure 33 outlines the process
of generating scer@s to risk matrices. Chapter 4 providadditional informationon

generating risk matrices from observations.
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Superimpose

Locate selected . ] Test global Observe if C.I. and .
. Surging Seas: Generate Risk
C.l.in Google . . temperature G.A. are not, R
Mapping Choices . . Matrices for
Earth Pro and ; scenarios of partially or fully
. kml file on A the C.I. and
determine the countries in 1.5°C, 2.0°C inundated, or GA
10,
G.A. at each C.I. Google Earth Pro and 3.0°C breached by SLR

Figure2-4: Process of testing SLR scenarios to generate risk matrices.

Theresultsfrom Chapters 4 and 5 were used to determine the application aitdlslity

of desigrs (Figure 24) andany gapsareas for further research.

Caribbean

Current Designs
Conventional design
and Risk-based

approaches Future
Application
and Future
Approach

Figure2-5: Approach to determining thapplication and suitability of designs.

2.4 Limitations

As research was conducted during @20 COVIE19 pandemic, data availability and
credibility were limited. Furthermore C.I. are important for national security, so the
availability and quality of puished data from each country was limited and varied.
Attempts were made to interview soaone with geological/design experience from St.
Lucia, but this proved unsuccessfllue to the word count limit of this researdome

of the sources could not begtuded in the reference pagd&epetition of sources was
limited to two mentions in the reprt and references were included based on their level

of importance and added value.
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Limitations in the analysexisted in the accuracy of the SLR projections orKikik. file
(based on data from 201&nd the noninclusion of regional isostacy datand tre use

of visual observations to generate risk matri¢ese Section 4.4.2 for more details)
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3 CURRENT DESIGNS

ThisChapteraddressAim #1 Tocritically review currengieotechnical design approaches

for G.A. found at selected C.I.

3.1 Conveational Design

Geotechnical desigisthe third part of the linear construction project process (Figure 3

1) andisgoverned bythe:

i. Purpose, type and requirements of the structure,

i. { ONHzOGdzNBQa | 3S 6ySékSEAAGAY D
iii. Budget, timeandeffort

iv. Type of contracf{designrbuild or desigrbid-build), and

v. Gonventional Design- Codes ofpractice/standards and guidelines

3.1.1 European andl.SDesigs

Conventional design includesandardsand guidelinedor investigations testing and
design. Relevant testing standasdncludethe ISO/TC 182 Geotechniggandardsused
in Europeand ASTM Internationatandards used in the U.Kelevaninvestigation and
design standardsclude

i. European StandardsEurocode 7: Geotechnical Des{@$I, 2007; 8 2013)

ii. Guidelhes made by U.S.ayernment agencies such as tlkederal Highway
Administration (FHWA), U.S. Department of Agriculture Natural Resources
Conservation Service (NRCS), U.S. Army Corps of Engineers (USACE), and U.S
Department of the Interior Bureau of Reclation (Eitner et al., 2002)

All design standardsecognize Engineering Geology in stagesof the construction
process (Figure 31). BExemptions include the NRCSyuidelines which requires
engineering geology investigations at all stagesonstruction- applying thed ( 2 G I f
engineering geology approaghand the USACE whighacesa greaterweighting on

sourcing construction materighnd the environmental impacdKeaton, 2013)
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L Not a requirement. Possible monitoring
Market if the ground is difficult/ deviates from
demands/ 2. what was expected and designed
needs/ idea .
Planning &
Investigation 2 6
Construction Demolition
3.
Design N > .
-~ Monitoring &

Main stages where

engineering geology is used Maintenance

Engineering Geology Inputs

geology, geomorphology,

seismicity, hydrogeology,
material properties, ground
conditions and obstructions

Figure3-1: General construction project procedgineering geologyinputsarein
blue text.

3.1.2 Engineering Geologl@&nGeoljole in design

Their role varies by contract type, involvement in the design process
(conceptual/detailel/remediation or fixing @sign problems) and cost allocated to their
services. They clarify or reduce geotechnical risks (Figu® and uncertainties that
may affect the project, environment, stakeholders and socidtyeir role centres on the
inputs of Figures-3 and 33. Using Eurocode 7, this means doing the desk study, ground
investigation, and ground interpretation (ground model and geotechnical report with

design parameters)

Project Poor management of entire
Management geo-engineering process

GEOTECHNICAL
RISK

Poor management of site investigation

(Bl and contract documentation

Technical
(information
required for design)

Figure3-2: Locations of geotechnical risk aproject. Some are ostdethe scope of
the EnGealAdaptedfrom Baynes(2010)
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= Ground profile
— Structural geometry

Nominal values
Geometric allowances, Guiding Principles
e.g. overdig

Geometrical
data

— Mature of ground and
groundwater conditions
— Size and type of structure
- Environmental factors
— Regional seismicity

Project objective and
constraints, observation,
experience, empiricism,

intuition and synthesis

Characteristic values Partial factors, y
Nominal values Design Combination factors, v
Correlation factors, § complexity Allowable deformations
Risk assessment
Geotechnical
calegories Work Limitations
Loads &
Verification . .
geutech?lcal method Time, cost and experience
parameters

- Geotechnical investigations - Consideration of limit states
= Lab./field testing = Calculations
— Derived parameters - Prescriptive measures

- Load or model tests
— An observational method

Figure3-3: Geotechnical design triangleé®ntributions from ErGeolare in red
outlined boxes and theiguiding principles andwork limits in the rightmost red
boxes Adapted from Burland (1987), Knill (2003) and Trevor (2012)

3.1.3 Uncertainties

Uncertainties are dealt with by ignoring them, being conservative, managing them as
they appear or by quantifying themFigure 34 and Table 3l explain some of the

manifestations of uncertaintieassociated withthe Technical riskfrom Figure 32.
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Limits to a state of knowledge

1. Aleatory: ground system inherent randomness and variability
2. Epistemic: incomplete knowledge — what you don’t know to can’t know

Cannot be quantified; some reduced/increase confidence in knowledge

Design components External forces & uncertainties in
system response and outcomes

Human .
. Geological

. Parameters Can be treated using margins
. Model around deterministic
. Analytical results (what standards promote)

Errors and
Omissions

Figure 3-4: Manifestations ofuncertainties. Source& Bowden(2004); Griffiths (2014)
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Table3-1: Compilation ofsomegeotechnical ucertainties examplesand potential
management. Adapted fronNadim (2007); Eberhardt(2017); Griffin (2018).

State of Design _— Main Management

Knowledge s Description of some examples (cannot be

.~ lUncertainties cause L
Uncertainties eliminated)

Aleatory Geological | Identification, characterisation arf Geology/ | Increased

and interpretation of the site geology| Natural investigations

Epistemic geologic complexity, tectonic limits and | but many
details, geomorphology, human cannot be
hydrogeology, hazards, hazardo reduced
ground conditions aa all their
spatial and temporal variabilities
in the ground.

Epistemic | Parameter | Spatial variation of parameters; | Human More
Selection of parameters and sampling;
statistical generatiorof Increased
parameters (over/underestimate testing; use of
or omitted); probabilistic
Lack of data; analyses
Small sample size;

Simplification of parameters
(anisotropy and heterogeneity)

Epistemic | Model Gaps in the scientific theory Human; Improved

and needed to make predictions bas( computer | through

Human on inference; research;

errors/ Lack of data/missing data; Better

omissions Use of wrong data; understanding
Inappropriate model selected; of limitations of
Identified the wrong failure software;
mechanism; Improve
Limitations in software/ accuracy in
calculations/imodel drawn drawing

Epistemic | Human/ Professional experience; Human; | Improve

and Analytical | Quality of data collection and equipment experience

Human sampling; and

errors/ Subijectivityin interpretation; collaboration

omissions Differing professioniaopinions;
Measurement errors;

Reporting errors and/or omissior

Uncertaintiesin Table 31 are further compounded by the complexity of how natural
geologcal materials reacimong themselvegheir environmentandwith the overlying
structure. Qurrent designphilosophes of limit state design(LSD- Europe) or Load
Resistance Factor Design (LRRDS) separateground interactions intdoads actions
and resistances(L-A-R) Ground uncertainties are initially treated by assigning

geotechnical categories and applying partial factors (Figw®). 3 Subsequent
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treatments are explained in Table53 The age of structures also contributés

uncertainties.

Arevision ofEurocode &And generaFWHA and USA@Hidelinesshow that they cater

to new, rehabilitative and reconstruet designs Typically, ew designs have the least
ground information while rehabilitative and reconstructive designs have historical
records Nonetheless additional uncertainties exist for rehabilitative and

reconstructive designsuch as:

i. Change in raterial properties from those ingily observed anthvestigaed;

ii. If reinvestgation occus it canpositively or negatively impactTalde 31
uncertainties

iii. Overconfidence in historical records can leadrnwwoducing investigations late

in the design process or during constructig\WA 2017)

Nonetheless, all dependm the type of structure being designechich are presented

below.

3.2 G.A.Desigrs

3.2.1 Pavementg Airport runways and taxiways

Airport pavements arelesigned to support a low volume of dispersed, high load, high
tire pressure traffic from aeroplane@irport Engineering Division, 2019}t is more
susceptible to moisturand environmental distress than load distressfound on roads.
UsingU.S.standards FHWA NH05-037 (2006) AC 15663206F (2016)and circularAC
150/510013C(2019) EnGeohre primarilyconcerredwith the subgrade design and the
provision of raw material for the othestrata Figure 35 shows thegeneral design
layout and failure modesAreas of focus include the physical ground and soil properties,
soil strength and stiffnessthermo-hydraulic properties and performangelated

properties
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Asphalt (flexible pavement) /Concrete (rigid pavement)

Chemically or mechanically stabilised/unstabilised

aggregate. Drainage layer. Optional for rigid pavements
Surface
Bags s = (Optional, not in rigid pavements).

Granular material stabilised/unstabilised

Subbase

MNatural/modified soil: soil types and strata, water table
elevation, presence of water bearing strata & field

(©2003 Steve Muench properties of the soil (strength, density, maisture content,
compressibility, permeability, compatibility, shrink-swell
susceptibility, shear strength, etc.)

Subgrade

Strata Failure Modes
Surface Cracking (various types), formation of potholes and depressions, rutting,

shoving, upheavals and ravelling

Subgrade Differential settlement, heave and bearing capacity failure
(moisture sensitive)

Figure3-5: Generalpavementlayout and failuremodes The parameters of
engineering geologyarein blue text Adapted fromMuench et al.(2003)

The general design period is around 20 yeamswvever, the sulgradeis not likely to

change.

3.2.2 Embankmentg protectionand supporof all C.1.

Embankments are raised earth structumasd have varying designs but will be used for
both the raising of pavements and for flood protection fod Historically, when they
were designed, it was for ongurposeonly ¢ either for pavements or flood protection

(FHWA, 2008)They have two maistratawith uniquefailure modegFHgure 3-6).
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*H&*W = Slope

Sl Height & width
operiel ! Crest ‘ length —‘ Water level from
Pavement (optional) reservoir/river/

coast (optional)

reeboard

Embankment :

mbankmen = Layer 1/Embankment: v
upslope/ *  Compacted soil/ rock ’ Embankment
downslope / "W o '« /slope Toe

Layer 2: Foundation sail

Strata Failure Modes
Layer 1 | slope stability failure (circular/non-circular), overtopping (if water is being

retained), foundation failure, lateral spreading, settlement failure,
hydraulic failure (e.g. piping, internal erosion) and surface erosion

Layer 2 | liquefaction, leakage, settlement, bearing capacity and hydraulic failure

Figure3-6: Generalembankment layoutand failure modes
SourceEurocode 7

Within Eurocode 7 the parametergquiredusing Figure -5 include:
I. Density of fill for embakmentconstruction(see sectior8.2.3,
ii. Slope propertiesgurple tex),
lii. Erosion protection methods for exposed slope (eeyetmenty,
iv. Drainagqif berms present),
v. Water levelsgroundwater information and permeability oboth layers,
vi. Free board (prevent ovespping) and core wall if present lmyer 1

vii. Layer 2 properties (density, geology, compressibility) and bearing capacity

The design life variesom 30 years to permanent based on the pase Thebuilt-in

safety factor for critical structures is arouddb (Javadinejad et al., 2018)

3.2.3 Fill, Ground Improvement and Reinforcem@aG-R)- potential ground foall
C.l.

Land reclamation anMade Ground uses some or all oFG-R Coastafreclamationfor
C.l.normallyinvolvesall three and dredging at times.Figure 37 showsthe use and
failure modesf FG-Rin coastalreclamation. Similar components apply if fill were used
for Made Ground.
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Embankment

Precipitation
SEAWALLFRONT | Berm

¥ FINAL SUHFACE !

. " SAND FILL"
i Orlgmatlatemlremafﬁe «-*/c_

*____.——-u—-

FOUNDATISFJ:“ 3 SAND FILL ;;?"—"_"__;-.' === Tateral recharge

SOIL F SAN? FILL
BEFORE ROCKFILL g%g &E%Eﬁ

Strata Failure Modes

Evaporation

Fill (engineered | Settlement of granular soil (from self-weight or collapse compression);

and non- Differential settlement (from heterogeneity of the fill composition and thickness,
engineered) chemical reactions, biodegradation, groundwater level, pore pressure or
moisture changes);

Heave/lateral movement if volume change in the fill;

Bearing capacity failure (if there is a structure on top); Liquefaction.

Fill and Slope stability failure = toe failure and unravelling;
Retaining/ Crest failure/overtopping and scour; Armour layer damage; Interior fill exposed;
reinforcement

Excess groundwater pressure and piping failure through the armour layer;

structure . .y . . .
Rotational sliding; Overturning of armour components; Flanking at end sections

Foundation soil | Consolidation settlement if on soft clay due to the weight of the fill; Bearing

capacity; Stability of the ground vertically and horizontally.

Figure3-7: Generallayout and failure modesisng ~G-Rfor coastalreclamation.
Adapted fromBeterground (Hong Kng) Ltd.(1995) Source:. Eurocode 7{J.S. Army
Corps of Engineerg2006); Skinner(2012); Encyclopedia.cor020).

Using Eurocode,the parametersrequired are summarised in TableZZ The main
concersF 2 NJ RS&A 3y | NBE éakng capazityzshi sedihverg of thaftl.A f Q&
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Table3-2: Parameters considered fd+rG-Rdesigns

Component Design Parameters investigated
Both Filland Non- Age of the fillGrading;Qrushing resistanceéasticity;
engineered fill Permeability; Compactibility; Solubility; Chemical aggression;

Organic contentQusceptibility to volume change;
Resistance to weatherindPossibility of cementation occurrin
after placementpollution effects;Srength of the underlying
groundand effect of excavatiorfransportation and placeme

Fill that must be Adjusting the water content;
improved if natural soil | Mixing with materials or cement or lime;
iS not sutable Protecting the material;

Qush, sieve and wash graindsing drainag layers
Engineered fill Adequate depth, strength, stiffness, durability and
(compacted safer and permeability required
more stablg
Ground improvement Thickness and properties of the ground or fill material;
and reinforcement Magnitude of water presserin the various strata,;

Nature, size and position of the structure to be supported;
Prevention of damage to adjacent structures or services;
Temporary or permanent improvement;

Relationship between the ground improvement method ang
construction sequenefor deformations;

Hfectson environment- pollution by toxic substances or
changes in groundvater level;

Longterm materialdeterioratior

Retaining/Reinforcing Heavily dependent on the type used but generally geometr
Structure Type of material andomposition;

dze, shape ad interconnectedness of materials;
Chemical aggression

Foundation beneath the | Elevation:Thickness;
fill Properties of the soil (physical, hydraulic and mechanical);
Depth to bedrock and its propertie§roundwater level

Sources: Eurocode @,S. Army Cogof Engineers(2006)

3.2.4 Foundatios ¢ energy facilities

Foundations are designed to suppait overlying structurgresistloads transferred to

the ground from the structurgand other forces such as weathering, deterioration, and
corrosion (with minimal maintenance) durirtge design life Foundations near the

coast are also vulnerable to coastal hazards such as scour, erosion, wave action, flooding
and debris that would have to be resiste@figure 38 presents the layout and failure

modes of foundations.
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Whether shallow or deepusing Eurocode 7the foundationsdesigns aregenerally

concerned with:

Vi.

Vii.

viii.

Reaching an adequate bearing stratum (soil and rock physical properties)
Ground $rength and stiffness and the impact of shallow, pile and pile group
foundations on it

Location and dpth of expansive soils

Groundwater and moisture changes (permeability)

Effects of works on nearby foundations and structures (adjacent loads)
Any possible ground movement (e.g. consolidation, swelling, earthqualces
ground improvement)

Anything hat can reduce thestrength in the bearing stratus (by water, general
currentclimate and construction)

High'low temperatures from the structure

Potential of scour

Presence of soluble materi@d.g. limestong

Hfects of longterm water variation (eg. diought) in arid climates.

Shallow Foundation Deep Foundation

Hard Stratum

m Failure Modes

All Bearing capacity failure, settlement and heave, loss
foundations ¥ stability, failure of the foundation, failure by

sliding and failure from vibrations.

Deep Uplift/insufficient tensile resistance, excessive

Foundations [JETEY® movement, downdrag, stretching,

(Piles) transverse loading and displacement.

Figure3-8: General layout of foundationand their failure modes
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Design life for concretbased foundations is 16020 years, but this has not been
proven and is more @n expetation, also studies have shown that reinforced concrete

can begin to deteriorate 10 years after completidoriconi, 2007)

3.3 Review oflonventionalDesign

The four G.Adesignsare comprehensive and important for ensuring complianit

safety standard. Thisreducespublic risk and clarifiethe allocationof risk and liability

in cases offailure,encouragingnfrastructureinvestment It acknowledgesand has
mechanisms for treatingincertainties and risks (Tablel} that have improved with
advances intechnology the Internet, Geographic Information Systems, geophysical
methods and Business Information Modell{gjM). Still, some things can be improved.
Table 33 presents the advantages and disadvantages of conventional design compiled

from Sections 3.1, 3.2 aratiditional studies.

Table3-3: Advantages andlisadvantages ofconventional design.

Category Advantages Disadvantages
Standardisation| {Improves communication across | 1 Standards take some time to be
or Codification | engineering field§Orr, 2012) updated base on the verification

' Reduces epistemic uncertainties if Of experiences. . _
parameters needeghey are listed.| 1 Somewhat vague in the explanatic
ﬂGu|d$the designprocess of what is requiredea\/ing room for
1 Gives confidence to external partig _confusion among professionals
¢ Insurancecompanies andgociety | 1 Confidence given is based on a

that structures designed are safe,| limited period (past, pre
durable & serviceablgGibbs, 2012) ~ construction and during
{l Confidence of external parties construction).

encouragesnfrastructure
investment(Gibbs, 2012)

Determination |{ Givesa checklist on theparameters |1 Many assumptions about the

of Paameters | needed professionalism and experience of t
{1 Empirical, deterministic results persons conducting investigations
derived from testing. (human error and omissions
1 The application of partial factors uncerta|nt|.es).
limits. 1 Uses patrtial factors to treat

uncertainties and risk
(overconservative design).

9 Does not clearly indicate how to
derive parameters with the
complexities of the ground.
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Category Advantages Disadvantages
Variation in { Treats this through monitoring and|fMaintenance left to the owner/client

properties with
time

maintenance and the use of partial
factors.

not normally managed by the
designer, hence some possible
disconnect in the design and
maintenance.

9 No indicdion of how to treat materig
property variationsover time.

1 Limits structures by assigning a
WRS&aA3IYy fAFTSQ 6K

Treatment of
Risk

flidentify hazards to the project.

flin Eurocode 7 ground complexity ig
assigned a geotechnicategory.

ffRecommends site avoidance if
geotechnicatisk is too high

ffRecommends increased testing to
reduce risk or uséhe observational
method- design altered based on
information from monitoring and
during construction.

flUse partial factors téreat
uncertainties and risk.

fUses partial factors to treat
uncertainties and risk reducing grou
complexities to a simple value in an
equation(Lin and Zhang, 2009;
Kannan, 2017)

1 The geotechnical categories are vag

fObservational method is not normal
used for all types of geotechnical
design, especially those deemed les
complex e.g. earthwork@een, 2011

Timeline of
design

9 For new builds, repairs and
reconstruction

9 Could be used for extensions but
R2SayQi I RRNBaa
fDoes not account for the change in

use of a structure.

Response to
changes ir.-A-
Rthat can
cause failure

1 Increasing the factor of safety
OR,
Builds in redundancy using stamda
and finite key design parameters, e
a 1-in-50/100-year event known as
0KS Wg2NEG ONBRA
and LRFD)

1 Limited listing of-A-R

fDoes/ Gécount for any changes
outside of the standards (inflexible).

flAssumes that the worst credible
condtion will not change over
time/according to a trend with no
significant changes in periods.

Impact on
innovation

1 Can stifle innovation as the design
based on limited concepts of design
and limited by preference for the
lowest cost(Nicholson and Bruce,
1992; Atkinson, 2013)

Locational
Application

1 May not be applicable to localities
outside of Europe and U.S. due to
differing environment, material and
societal resourceOmotosho, 1991)

Potential
response to
climate change

fNone¢ strategyentails protectinghe
structure, repair retrofit/adapt if
requiredand rebuild if destroyed

fiConsiders current climate during
investigations and for construction.

fUses buildingyuidelines or empirical
and deterministic results to pick a
worst-case scenario to design for.
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3.3.1 Treatment ofdimate Change
Reviewing the G.A. desigitem Section 3.2 their main failurenodesand uncertainties

are:

I. Water effects/hydraulic inputs and opitits on and in the ground (sell
atmospheric interaction andod-groundwater interaction).
ii. Potential for settlement and consolidation failures from weight and ground
heterogeneity.
lii. Change in material properties after placement and construction.

iv. Movemert in the ground.

Climate change, whichas been found to chje weather patterns and their variables
along withattributes of extreme eventsvould impact lullet point (i) above However,
C.Cand its effectsare not includedin the LA-R or parametersf thesedesigns. Thar
potential responseto C.C.in Table 33, only consider the present, limited guidelines
and projectionsdependent on present and past data herefore, neither current nor
past designs for new and existing G.A. included &tkinson (2013) and Griffiths (2014)
agree with this deduction and indicatettiat EnGeoloperating wthin conventional

design

i. DonotincorporateC.C. or their new risks

ii. Promotes the monitoring and designg for mitigating impacts of past
industrialization and

iii. Smplifies or avoids risk through using partial factors thus, encouragng
overconservative @signs stifling innovation and missing potential benefits to

future designgFigure3-9).
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Level of risk to the development and
potential benefits to future designs
(e.g. more cost effective/sustainable)

Low
Medium

)

Codes and
standards

practice

7|

Safe; over conservative hence
more costly; ineffective/not
sustainable in the long term

Features of the design
Nothing new or unusual Conventional
A) Well understood risks 4—— Design
Established practice
No major stakeholder implications

Possible design life implications
Some risks to be mitigated/transferred
B) Some uncertainty with deviation from
standard or best practice
Significant economic implications

-
Experience Risk based
analyses
e.g. Risk Judgment
management
e.g. Through
0% 50% 100%

Role in the design process

Very novel or challenging

C) Strong stakeholder views/perceptions
Significant risks to be mitigated/transferred
Large uncertainties
Perceived lowering of safety standards

Unsafe; less conservative and
potentially more cost effective;
more sustainable in the long term

but needs research

Figure3-9: BEvaluation of risk versus innovation in the design proceBsom this
diagram conventional design is n@nly codes and standardsut also a way of
thinking. Adapted from Griffiths (2014).

The non-incorporation of C.C. to conventional designcan be attributed to the

uncertaintieswithin climate science gee Chapter 4) andhe limited understanding of

the impadsand quantification ofts effects. However, what is known that C.Ccould

affect hydraulic inputs and outputs, soil properties and loads, potentially altering-the L

A-R and triggering failure€Chang et al., 2019; Vamdp2019) Using the principle of

design and Figure-8, five things would be nededto addres<C.C.

i. The standardsustbe changegdalbeit aftersufficientinformation and experience

is available

ii. Adeviation from the standardsiay be necessary

iii. Use anoher type of design.
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3.4 RiskbasedApproaches

This approacisan evolving concept with multipkefinitions In Gorporate Compliance
it means identifying, classifying and managing risks from higbdstvest(Kelly, 2019)
This corresponds with the ISO 310k management procesghere themanagement
and responseare dependentupon the type, importance, weighting and tolerability of

the riskin Figure 310.

MANAGEMENT AND RESPONSE

RISK IMPORTANCE,

WEIGHTING & TOLERABILITY

! .

Positive Negative Determined by the client,
Risk is exploited, Risk is avoided, . d t which
shared, enhanced transferred, mitigated user snc:.-ty an cns.w ¢
or accepted or accepted can change overtime

Figure3-10: The ISO 31000:2009 Risk Management Proaedading the controls for
the management and response&ourceCybrary.IT{2020)
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The principle of thisgproachrecognizeghat:

i. Some future uncertainties and riskannot beeliminated or reduced but must be

tolerated by stakeholders who determine what losses are acceptable.

ii. It isimpracticable to design a structure to lsempletelyresistant to threats o
hazardsas they may change over time, come from many plaaestural, human

induced and accidental/technical, and act as single or multiple events.

ilii. Ignoringor failing to anticipatepotential risks and uncertainties could lead to
avoidable situationdjtigation and missed opportunities, leadinguosustainable

solutions.

This approach attempts to incorporate threats from C.C. proactively by including risk
management in all stages of construction. It can be used on both new and existing C.I.
For exampe, in G.A.M. it is used to manage existing structures beybed original
design life, assess future potential threats and inform rehabilitation and reconstruction.
In Chapter 4, the risk assessment component (Figufe\8ill be applied to C.I. and 4.

in the Caribbean to assess the applicability and suitglwfitcurrent designs.

Risk, as commonly discussed in engineering geology and disaster risk management,

refers to the negative risk explainedkigure 311.

Hazard event X Exposed vulnerable system = RISK
(likelihood & magnitude) (assets and potential impact)

Figure3-11: Risk equationRudiger et al., 2018)

Risk quantification using probabilistic methods and hazard and risk assessments have
been applied to higher risk geotechnical designs such aba#, hydroelectric power

and seismic structuresnining, nuclear facilities and environmental geotechnics. They
overtly consider risk in both design and decismaking(Christian, 2004; Nadim, 2017)

Yet, neither the methods nor assimilation in planning and design were applied to or
O2YLJX SGSte AyiuSaINIr¥GSR Ayid2 GKS WiNFYRAGA
Appendix A discusses the partial incorporation intaditionaldesignshowever, these

are supplementary in conventional design.
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Three types of riskased approaches arg@ustainable, Resilient and Adaptive Design

In the literature there is some confusi@bout these three types, but they represent a
paradigm shift in the thinking and treatment of design and the construction process.
Confusion occurred because their origins were psychological, ecological and
develgpmental, currently being translated andtegrated into engineering. They are
seen differently by politicians, ecologists, engineers and construction companies. The
three types will be distinguished based on their original purposes and treatment of
future risk/uncertainties. Three major overlps found with these designs are the
incorporation of risk seen in Figurel2, belief that the ground is an asset to be managed
and a shift from achieving ideal designs to robust designs. They also encourage the use

of innovative materials, monitoring equinent and new technologies.

SUSTAINABILITY

Economy

/N

Equity/
Society

Environment

RESILIENCE

Figure3-12: Doll diagram explaining the relationship among sustainability, resilience
and adaptation
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3.4.1 Sustainabl®esign

There are two diffegnt definitionsof sustainability in engineering

I. Implementingactivitieswith minimal energy and resouraepletionand
minimal to no harmfuenvironmentalimpact,while optimizing projectosts

(Misra amd Basu, 2011)

i. Asysten & | t@shirfive Gril retain its fution within a complex relationship
among the environment, economy, and society/equity (3 pillaxgr a period

(Basu et h, 2014)

Definition (i) is largely understood and is used by ground enginaedsthe construction
industry (Gopal, 202Q) However, both definitions recognize sustainability within a
closed and balanced system with limited resources. Any changes in resowckk
create an imbalance that needs to be restored. Therefore, consideringl@&@design

focus is on mitigation by addressing GHG emissions and other adverse environmental
impacts during and after construction. This is shown in Figur@ ®here getechnical

engineering helps balance the 3 pillars.

Environment,

Global System (e.g. Climate) Equity and/ Economy

Environment, Equity, :

Economy Regional System
(e.g. Cities)
/ \ Environment, Economy

Equity, Economy /' Environment and Hydrological
Infrastructure System ‘—‘-b Systems (e.g. landfills, coastal

(ports, bridges, etc.) protection)

INFLUENCES

Geotechnical

Engineering

IMPACTS

Economic
(e.g. Resource use)

Environmental
(e.g. Land use, cause emissions)

Engineering Equity
(e.g. settlement) (e.g. change in land use pattern)

Figure3-13: Impact and influence of geotechnical engineering in sustainability
(Adapted fromBasu et al., 2014)
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In sustainable geotechnics, a branch of ground engineering, there are seven design
objectives (Figure -34). Examples ofthe application of sustainable design in
engineering geologior industry and future infrastructure are indicated in Figur&43

Triple bottom line
sustainability objectives

1 Energy efficiency and %

carbon reduction

2 Materials and waste %

reduction

3 Maintained natural water
cycle and enhanced
aquatic environment

4 Climate change adaptation
and resilience

5 Effective land use and *

management

6 Economic viability and i%

whole-life cost
7  Positive contribution to*
society

Figure3-14: Sustainablegeotechnicglesign objectivegAdapted fromPantelidou et
al., 2019. Objective#4 relates directly to C.C.Examples found in the literature of
application by EngGedire indicated with yellow stars(Hearn and Shilston, 2017,

Dino et al., 2017; ARUP, 2020)

Challengesrisingfrom this design include:

i. Balancing the 3 pillars in definition (iDthere will be competing interests which
can result in delays and imbalarsce

ii. The cycle of restoring an unbalanced systeMK SNBE A& Yy SOSNJ Iy 4
societychanges oegr time, hence the equilibrium will continually need adjusting
(Taneja and Vellinga, 2018).

iii. Sustainable systems vs. true sustainabilitinitially, sustainability was integrated
into engineeringby retrofitting and redesigning existing structures witinexgy
efficient or newand low carbormaterials. However, engineers were not always
included in the political and technical discussions on the mitigation of C.C. but,
were expected to integrate it to the design through policy changes and project

contrad specificationg(Russel, 2019) Only time would tell whether the initial
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methods were truly sustair@de, especially as additional resources were needed

to retrofit and redesign structures.

3.4.2 ResilienDesign

Resiliences ¢the ability to survivea crisisandthrive in a world of uncertaintyé

(Resilient Orgasations Ltd., 202@)For infrastructureand engineeringt can be

defined as:
Infrastructureor the & & & G capackyto reducethe magnitudeand/or duration of
disruptiveevents.lts effectivenesslependsupon its ability to anticipate, absorb,
adaptto, and/orrapidlyrecoverfrom a potentiallydisruptiveevent whileregaining,
or even exceeding its original level of performafiational Infrastructure Advisory

Council, 2009; Taneja and Vellinga, 2018)

Spink (2020) best explains trmomponents of resiliencaising GA.M. They are
resistance, reliability, redundancy, response aratovery and maybe explained

within risk (Figure 35) or as a systen(Figure 216).

Hazard Event & Characteristics * Exposed Vulnerable system

LIKELIHOOD
\

( Resistance ) ( Redundancy )

protection against the hazard availability of alternative

S event ) diversion routes )

é Reliability ) 4 Response and Recovery )
ensures the resistance is work together to enable fast
effective over a range of and effective recovery from

\_ conditions. ) Che disruptive hazard event

Figure3-15: Gomponents of resilience explained vhin risk.
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Critical Functionality Adaptation to improve
> . .. functionality and resilience
P System meeting critical
Tg functionality l
(o} . .
‘.E L Redundancy/ — w— Exceed original
c Recovery performance
=
E Shock,
Q Resistance di ti Resistance
-
B | &Reliability Isruptive | & Reliability o
A event/Risk | | Regain original
performance
esponse |
_____ N I e e e e s ——— —
Resilience
v | —>
Plan/Prepare = Absorb Recover & Learn Adapt
Time

Adverse Event Occurs

Figure3-16: Graph explaining resilienc®r infrastructure and its componentghe
system) Adapted fromGanin et al., 2015; Linkov and Kott, 2018.

Resilience is not a new concept, some of its components are already part of conventional
design. Using partial factors and wocstse scearios are resistance anekliability.
However, response, redundancy (sometimes) and recovery are not incorporated, with
design revisited once there is failure. Many old structures in the world that withstood

the effects of war, natural disasters and dec@2 dzf R 6 S & ISR IYBR K&
redundancy. They may have been built with additional material, redundant parts (e.g.
basement car parks for earthquakes and flooding) and/or used over conservatism in
design or for a potential hazard eve(ithe Rockefeller Foundation, 2013)his non

inclusion of these consequence components may arise from roles and responsibilities in

a project, budget and transfer to users. Design staff noayribute to but do not luild,

use or maintain the structure at completion

The focus in this design is @egter emphasis on the lifelong monitoring and- re
assessment of G.A. after minor everasd during and after extreme eventsn
combination with an mergency plan to be activated when requir@dikolaou et al.,
2017) TheU.S. Geological Sun@@SGS)esponsebefore,during andafter Hurricane

Sandy in 201% an example of thisTheyfrequently updatedsovernment agenciesith
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information on the potentiatisks tocoastal areaandreattime datacolleciedfor storm
surge, water levels and topographic changBse information was used tmform the
response and recovery and impmpredictions of storm bhaviour andheir potential
future impacts (Buxton etal., 2013) Engineering geologists would not only be iveal
in the design, but the planning, monitoring, response and recovery, and will work with

many other disciplines to achieve this goal.

3.4.3 Adaptive Design

' RFLIGFGA2Y O2dZ R 6S RSTFAYSR a aly | Ra2dzl
to a new or chaging environment, for moderating harm or exploiting beneficial

2 LILJ2 NJi d@yicCarthySgiak, 2001 ininham and Nicholls, 2012Qs a system, it is
RSAONROGSR | a a&T7Ft Sdfanplbydd diffgfartly vithyfelaiivl eakef sb S NS |
that it can be functional under new, different, or changing requirements in a- cost
STTFSO0 A PGanefaaydyv8lINGag20118n C.1, thistranslates tchaving flexibility

as a criterion, planned phad expansions and adaptations andingfuture-proofing

critical parametersfor e.g. hydraulic inputs Hence, his method can incorporate
resilient desig andextend beyond i{Figures 312 and 316). It isanticipatorythrough
usingprojections early varning systems and relocating structurdsisreactivethrough

change madeafter observing the initial impacts @ disturbance for e.g.repairing

protectivestructuresand changes in practic€knittel, 2016)
Three examples of current adaptation measures are:

I. Existinginfrastructure ¢ usually their designs are adapted, meaning ensuring old
structures are compliant as much as possible with new standardsra few
purpose. If a failure occurs, structures are adapted when the designers may take
either a different, morennovative approach or increase the robustness of the
structure in to fix the failure. An example is Kansai Airport in Japan where-a jack
up system was installed on pillars underneath the passenger terminal building,

to mitigate differential settlemen{Kansai Airports, 2020)

il. Early warning systemsg using monitoring equipment with wamg signals or

categories signalling potential failure for e.g. inclinometers for slope movement
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iii. Coastal riskmanagementc used asacoastal defencstrategy These include do
nothing, managed realignment or physical intervention (hold the line, move

seawad or limited interventior).

This approach is currently guided by the manualimateResilient Infrastructu:

Adaptive Design and Risk Managemefftyyub, 2018) It recommends using
probabilistic methods for risk assessment, greater use of the observation method in
RSaA3ays f26SNAYy3I & NozeyiedadBptaton. RIBeitwadmnost f A & €
important components for this design, which also present challenges, are a clear and
practical mechanism for monitoring and evaluating results, and funding for monitoring,

maintenance and constructing changes

3.4.4 CompamgDesigns
Table 34 summarises the analysis n$k-based approachessing all the references

mentionedabove
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Table3-4: Comparison of the three types of ridlasedapproaches.

FEATURE

SUSTAINABLE DESIGN

RESILIENT DESIGN

ADAPTIVE DESIGN

System type

Closed system

Open system

Open system

Features

Economy, Environment and Equity

Resistace, Robustness, Redundancy, Response,
Recovery

Flexible PhasedResponsive and Anticipatory

Main Philosophy

Protect the environment from human
activities

Protect human activities from the environment

Adjust to the environment

Purpose in relation
to climate change

Mitigate climate change

Resiseffects ofclimate change as much as possible
0dzi NB O2 ¢afieNan&vindzA O1 f & Q

Acknowledge climate change and bisldjust
according to it

Sphere of Influence

Locally and globally based

Locally based

Globallybased

{eaasSyQa

Capacity to preserve thgystem in the
long run

Capacity over time to face disturbancesit maintain

the sameor exceed the originglerformance

Capacity to be flexiblandadjust to current
and expected disturbances

Orientation in Time

Pastpresent oriented (how do wg
sustainwhat we have now)

Future-present oriented (how do we adapt for the future)

Safety Concept Prevent failure Safefail-adaptsafe Observeadaptsaferepeat
Engineering Geolog) Greater emphasien limiting resource | Greater emphasis on what a structure can withstan( Greater emphasis on monitoring and decisic
Cortribution usage anenvironmentalpreservation| monitoring and recovery making for changes

Administrative Cost;Competing prioritiesfrom stakeholders and other disdiipes Public and private sectdouy-in; Political buyin and willpower;

Limitations Uncertainty of the future and climate changBechnical capacity/professional personnel

Technical and
Physical Limitationg

Efficiency in usage of maiats may
make the structure more vulnerable {
natural hazards;

No guarantee this method wiork

Sructure may not be resilient if one component failg
e.g. the structure survives but the sewage system f
and needs to be relesigned it is not resilign

Resilience may not be possible

Restricted by informationUncertainties
around how much information do you need {
adapt and when to adapt

Challenges for
Implementation

Increased collaboration among stakeholders and across disciglipectical andheoretical challenges
The difficulty in measurinthese typesinderstanding the exposure and combined impact of multiple hazards on G.A. and C.1.
A limited understanding of the interdependence between G.A. and C.I. systems and networks.
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3.5 Convention&dDesign vs Ridkased approaches

Table 35isa comparison of conventiondesignvs. riskbasedapproaches based on all
the information presented and additionalformation fromStevens and Wintg2012),
Orr, (2012 andGallegeLopez et al(2016).

Table3-5: Comparative analysis ofoniventionaldesign to riskbased approaches

FEATURE CURRENT STANDAR RISKBASED APPROACHES
Incorporation | Plansare made firstrisk is Places risk first ansets the context
of risk introduced and mitigated late| for/informs planning andecisionmaking

in the process

Treatment of
Risk

Reactive;
Limited use of data/models;

Represented in the EIA, SIA
project management;

Reduced to partial factors

Risks identified and assessed early befq
decisions are made;

May include risks not in the standards
Additional risksarethe environment,
economy and equity;

Qurvival of infrastructure and systems;
Future changes

Product/
Output

Focus ordelivering
infrastructure within acost,
effort and time

Focuson delivering infrastructure in the
wider context ofsociety and systems tha
interact with the infrastructure

Concerns are quality of lifeomponents
of resiliencemonitoring and flexibility

Responsibilities

Fragmented; planners and
designers separate from
constructors and maintainers

Could be fragmeted but requires greatet
input and collaboration of all stakeholde

Timeline
considerations

Relativelyshortterm within a
fixed concept of time, but
updated

Longterm within an understanding that
the future will change

Treatment by
society

Widely accpted by society,
decision makers, insurance
and legal system

Not widely accepted as it is a relatively
new concept, but changes are being mg

Resource usagge

Less time, money and effort
the short term

More time, money and effort in the shor
term

Stakeholder Less engagement More engagement
Engagement
Design Safety, serviceability, Safety, serviceability, durability, risk

Principles and
Requirements

durability,

management and whoklife cycle
management

Methodology | Uses what is tried, tested an| Encourages alternatives and innovation
proven

Influence on Meet minimum Challenges current thinking even if not

thinking regulations/requirements proven
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3.6

KeyFindings

EnGeolwork within conventional desigrc@des of practicedtandardsand
guidelines) taeduce ground uncertainties and risk&ich can occur anywhere

in a project andesult frommany variables.

Each G.A. for the selected C.I. bagjue desigmparameters and failurenodes
Conventional and past designs do not incorpor@t€ becauseof uncertainties

in climate science and information

Riskbased approaches acknowledge that everything cannot be planned for or
designed.It uses risk management to identify risks and determine what will be
tolerated.

Sustainable, Resilient and Adaptive Desigre similar in thaére new concepts
beingdeveloped andncorporaterisk butviewthe managemenbf riskfrom
different perspecties.

The main difference between conventional design and theliasbed approaches
is that the former is limited andonl92 Yy A A RSNA | & G NHzO (G dzZNB Q &

open, looking at other factors beyond the structure and design.
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4 FUTURE OF THE CARIBBEAN

This Chapter addressesim #2: To determine the potential risks of C.C. to select
Caribbean C.I. and theiraund conditions by 2100

4.1 The Caribbean

The Caribbeamegioncanbe definedas31 island territories and archipelagos located
between latitude 10°-27° North and longitude 60°-90° West, andthree mainland
territories of Belize, Guyana and Suringnsee Figre 41 (Caribbean Examinations
Council, 2009)The islandsthe focus of this studyhavedifferent characteristics from

their mainlandcounterparts

4.1.1 General Climate, Topograpl@eologyand Hazarslof Islands

According to he KéppenDSA ISNJ Of A Yl (S ,dne LlithatehisthOstlyi A 2 y
tropical, ranging fromtropical equatorial to tropical savannah, exceptisgmeareas of
arid climate(Beck et al., 2018)All islandsusuallyexperience one wet and dry season.
The wetseason is May/Junéo November/Decembe coincidng with the Atlantic
hurricane seasonThedry season is December/January to April/M&aryingelevatiors

on islandsand the northeast trade windgovern weather conditions Climate varies
with phenomena such ake migratiors of the HadleyCell Inter-tropical Convergence
Zone (ITCZ) aril Nifio Southern OscillatiggNSO)Caribbean Regional Climate Centre,
n.d.). Average egional emperaturesare 21°-30°C Annual precipitation is generally
1200-2500mm with humidity being generally high and varies during the wet and dry
seasonBleasdell et al 2008)

Island topography and size varssosgshe region and is governed by location, tectonic,
geologic, hydregeological and atmospheric conditions and geohazalkdisst islands lie

within the Caribbean Plate and were formed and currently affectsd relative
movements at the tectonic boundarieftvergent, divergent and transform) see Figure

4-1. Numerous islands are mountainous or have mountainous interiors (e.g. Jamaica
and St. Lucia) while others are flat and gently sloping (e.g. The BahathBsdados).

The tectonicsetting has also affece (G KS A&aflyRaQ RAODSNES
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limestones (Greater Antilles, Lucayan Archipelago, Barbados and some of the Lesser
Antilles), igneous and metamorphic rocks (Greater Antilles and Lesser $nsiads
and tropical soils(Mitchell, 2013) Resulting landforms include raised limese

terraces, karst topography, steep slopes and conical hills.

Plate Boundaries [Wetide)i .
Mexico \ . Lucayan

Divergent _
Transform Archipelago

Convergent X

Other ; gl NORTH AMERICANATE

Plate motion
vectorsrotated
based on the

direction of the
plate movement

Greater Antilles

Lesser

Caribbean Sea Antilles

CARIBBEAN PLATE

QOCOPLATE

K=
1058 km

| I

Figure4-1: The Caribbean and its plate boundarieSqurce GoogleEarthPro & USGS
2020). The countries selected famnalyses are numbered black boxe¢1) Jamaica,
(2) St. Lucia and3) Barbados.

Mountainous islands near convergent plate boundaries or affected by convergence in
their geological past (e.g. Greater Antilisleinds) are vimerable to seismic hazards such

as earthquakes, tsunamis and slope failurdslands formed in the Lesser Antilles
through subduction are also vulnerable to volcanic hazards, which could lead to
disasterse.g. 1995 volcanic eruption in Mtserrat thatrenderedthe south of the island

uninhabitable.

The tropical climate, tectonics exposure to climate phenomena andoastal
surroundingsexpose the islandsto multiple and diverse naturahazardssuch as
volcanism earthquakes tropical stoms, torrential rainfall, slope instability/mass
movement b 2 2cBaktgl fhzards tsunams, erosion,storm surg, accelerated

weathering, drought, wildfires andrid tropic processes (Ahmad, 201#ddingC.CQ a
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threats makes the Caribbearone of the nost hazard exposed regiogsobally(Climde

Risk & Early Warning Systems (CREWS),.2020)

4.1.2 Demographics and Infrastructure

With apopulation of approximately 43 milligihe islandsare dassifiedas SIDShaving
small economies with limited resources, high econorotatility, high debt and low
growth (UN, n.d.) Settlements and developments are mainly driven by topography and
economic benefits. For islands with mountain interiors and steep slopes, most
developments andettlements are along the coasMost islandsenefit economically
from their natural environment, with 70% of economic activities including shipping,

fishing and tourism, within 3.2 km of coastlingREWS, 2020)

SomecoastalC.l. consist ahfrastructure for transport (airports, seaports, etc.), energy,
water and sanitation (desalinisation and sewage treatment plants etc.), tourism (cruise
ship ports, hotels, etc.) and social (healthcare, education etc.). Funding to build and
maintain C.lis limited due to the small economies, limited land and smatiybations.

Thus, aging infrastructure, many beyond their design life, are vulnerable but vital to
these small economies. Their upkeep and replacement depend on government policies,

foreign nvestment and since the 1990s, disaster risk managerttéatris, 202Q)

4.1.3 Engineering geology
Based orregional characteristics, potential hazards and infrastructieGeolmust

consider the unique environmengeology and geohazardsuch as

I. Tropical environment higherweatheringrates,
ii. Volcanic, karst or both environments and theiniqueness(sinkholes, slope
instability, topographygeochemistry, etc.),
lii. Tectoncs and seismicity,
iv. Coastabnd marineenvironments and

v. Environmentswith difficult terrainlogisticallyfor persomeland equipment.

Rock types include marine deposits @stone) and volcanic rocks with potentially more
discontinuities and weaker joinglanes due to the tectonic and tropical environment.

Soil types include mature and immature tropical residual séitcording toroll(2012)
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tropical so# are unique in engineering geology as they are generally difficult for

classification, ground investigations, sampling and testing due to:

I. Potential for highly variable particle siz&esm weathering
ii. Thdr mostlyunsaturated stateof existence
iii. Presence ofron and aluminium oxidesecondary cementation angeathered
clays (potentially expansiye
iv. Limited coverage in classification and defiaitsundercurrent standards, e.g.

Eurocode {Hencher, 2008)

4.1.4 Threat ofdimate Change

Climatechangemay manifeg in many waysegionally (Figure-2). Most will occur in

the longterm, exceptfor extreme events such as droughts, intense rainfall, storms and
storm surge These manifestatiors also have secondargffects on society, affecting
health (heat stress andvector-borne diseases)agriculture (food availability) land
availability, coastalcities, water availabilityfrom saltwater intrusion, contamination
and increased extractionpatureand ecosystems and overattonomieqTaylor, 2015)
Regional evidence of ththreat correlate with significant changebserved comparing
climate periods 1960989and1990-2019 in global temperature trends (Figur&} and

the characteristicand cost of disasters (Figured4& 45).
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A AIR TEMPERATURES - ¥ moisture > A4 droughts

Global
warming

ke A snow & ice melt > A sea-level rise\ Damage to C.I.,

properties,

-—\ A thermal expansion /, settlements, society

from

A GHGs & economies

77

A SEA TEMPERATURES > frequency & intensity of storms A wind damage + A storm surge

\?ﬂr ocean acidification > A coraldamage J\

A moisture - pextreme precipitation > A flooding

Figure4-2: Manifestations ofC.Cand potential hazardsn the Caribbean.
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Global Land and Ocean
m 990-2019 Trend

February-January Temperature Anomalies (+0.19°C/Decade)

1.00°CH  1.80°F

0.80°C - 1.44°F
0.60°C - 1.08°F
0.40°CH 0.72°F
i |“ I “
R

-0.20°C T T T T T T T -0.36°F
1945 1955 1965 1975 1985 1995 2005 2015 2020

[

Figure4-3: Global land and ocean temperatures from 192619 showig the most
recent trend 199€2019. Thischangein the trend, from ~1978 correlates with
observationsin Figures4-4 and 4-5.

SourceNOAA National Centers for Environmentaformation (2020)

Period: 1945 - 2019

category 3-5 hurricanes: purple; category 1-2: red; tropical storms: blue
=2

Atlantic Region: Hurricane Activity 1944-2019

o — T T T T T T 1T 1T 1 T 221 [

# of storms per 5 year

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
1949 1954 1959 1964 1969 1974 1979 1984 1989 1994 1999 2004 2009 2014 2012

© 2020 stormcarib.com

Most active Syear period since 194
Most storms: 20052009 (80)

Most hurricanes: 1998999 (41)

Most major hurricans: 19951999 (20)

Figure4d-4: Sormsin the Caribbean since 1945 hisperiodwas selected as 1944 is
observed as thdeginningof "reliable” hurricane observations
SourceCarbbean Hurricane Network2020)
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CARIBBEAN HYDRO-METEOROLOGICAL
RELATED DISASTERS FROM 1960 TO 1989

W Drought
@ Epidemic (mosquito

bome)
1 Flood

W Landslide

| Storm

Total Costs:
Approx. US$4.1 billion

Total Deaths: 11,648
(85% storms;14% floods)

CARIBBEAN HYDRO-METEOROLOGICAL
RELATED DISASTERS FROM 1990 TO 2019

wlrought

@E pidemic (mosquito
borne)
JFlood

wlandslide

|
Total Costs:
Approx. US$125 billion

mStorm

Total Deaths: 11,480
(63% storms; 36% floods)

Figure4-5: Comparison 019601989 and 1992019Caribbeanhydro-
meteorologicatrelated disasters Increased storndisasterscorelatewith Figure4-4.
Generatedusing data from GuhaSapir et al.(2020.

Annually, disaster losses are around U8343llion with over 90% caused from storms
and floodingfrom intense rainfall (not from sirms) (Figure 4%). These disasters and
rising temperatures potentially contributed to the increase in mosaiitone diseases
(Figure 45) and increased coral bleachif@aylor, 2015)Storms and flooding could
triggerincreased geohazards (e.g. landslides) and contribute furth€@rom energy

transformation and releasing G&ored in soilfurther threatening theregion
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Two examples of the damage tolGind GA. by increased storm frequency and intensity
andintense rainfall are presentedn 1979, 10 years after completiotine reclamation

I 4 52 YA Yandtoareete bridgedisupportiigwere damaged by storm waves
(Wason, 1998) The reclamation was originally designed for a Category 3 hurricane and
lower waves as historical records showed hurricane wave damage wasHaveever,

when Category 4 Hurricane David struck, storm waves dislodged revetment boulders
protecting the reclamtion, triggering slope failure. Design options were to make the
revetment more waveresistant using dolos, raise the reclamation or both, but as with
many construction projects, maintaining the lowest possible cost (using dolos) was

selected.

In 2017, Hwuicanes Irma and Maria, two weeks apart, flooded and damaged
infrastructure and equipment such as airports, seaports and energy facilities.
countries such as Dominica, SMaarten, Barbuda and Puerto Rico, triggered landslides
prevented access to tise C.I. Airports and seaports were operating in short order (a
few days). However, electricity took the longest time to restgfmon, 2017; Cassady
and Achenbach, 20)7

4.2 CoastalC.l.c Airports, Seaports and Energy Faclilities

There ae around 129 airports (active, public and airstrips)3 Béaports (container,
cruise, piers, jetties and wharves) and 134 energy facilities (power plants and stations,
oil and gas terminals and a research nuclear power staiioitne CaribbeaiiBecker and
Bove, 2017; New Energy Events, 2018; Smith, 2H@8jJorically, as the Caribbean was
under the plantation economic system,amy cities were developed around ports and
coastal areago export raw materials to Europe. This led to dispersed settlements
concentrated on the coast and on flatter land for farming, excluding steeper and rougher
terrains. Power plants and oil and g@&sminals were near the coast for unloading
petroleum andsurrounding settlements. Most airports were built during World War II
as bases were set up to defend the Western Hemispheféey followed typical
requirements of being located near cities (fopglies) but away from properties and

buildings, with favarable wind and large land are@gravante, 2019)Additionally, the
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sand encouraged the growth of airportseaports and energy faciliti@scoastalareas

Islands under investigatioare JamaicaSt. Lucia and Barbados atiee G.A.are those

of Section 3.2Table 41 describeghe islands All countries were former Britistnlonies

and haveC.l.that were recentlyexpanded/upgraded oare currently beinglesigned

Table4-1: General description aklands under investigation

. Area |Coastline GDP
Country |Population (km?) (km) Topography Geology nominal
JAMAICA 2,697,583 | 10,990 295 Limestone lgnecus and 15.461
(2011) plateau up to | Metamorphic in the | billion
A460m; East; surface mostly | (2018)
mountainous | white and yellow
interior, limestone plateau
Highest peak | (karst); alluvial on
in the east the coastal plains;
2256m. heavily faulted
ST. LUCIA 165,595 620 166 Mountainous | Volcanic in origin 1.992
(2010) and rugged; and most surface billion
relatively geology is volcanic; | (2018)
steep slopes;
highest peak
of 950m.
BARBADOS| 277,821 430 o7 Low-lying, Limestone raised 5.087
(2010) gently sloping | terraces; highly billion
with terraced | karstified. (2018)
plains. Highest
peak is 340m.

Source: National population and GDP statistics and geological maps.

The 24 selectedC.l.arelisted in Tablel-2 and presented graphically in Figug$, and

Figure4-7 where they are separated into zone&ll C.l.are the major ones orach

island and all energy facilities use fossil fudlable 44 identifies the G.A. found at each

C.l Table 43 summariseshe comprehensivalescription of ground, hazard arspecial

characteristics oéach C.lcompiled inAppendixB.
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Table4-2: List of coastalC.l.selected
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C.l. JAMAICA 5T. LUCIA BARBADOS
Airports | 2— Norman Manley 2 —Hewanorra 1 — Grantley Adams
International Airport International Airport International Airport
(NLMLLA) (H.LA) and (G.ALLA; regional
and George F.L. Charles airport for the Eastern
Sangster International Airport (G.F.L.C.A - Caribbean)
Airport (S.1.A) regional airport) *Only airport on the
* Main international *Only airports on the island
airports on the island island
Seaports | 3— Port of Kingston (largest | 2 — Port Castries 1 — Bridgetown Port
container shipment port), (container and cruise) (container and cruise)
Port Royal Cruise Ship Port and *Main port on the
(port completed 2019) Port Vieux Fort Seaport | island
and (container and cruise);
Montego Bay Cruise Ship Port| *Main ports on the
(M.B.C.P-container and island
cruise)
Energy | 5 Power plants, 1 Power plant, 2 Power plants,
Facilities | 1 Oil refinery, 1 Oil terminal 1 Oil terminal

1 LNG terminal,
1 Qil terminal
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Table4-3: Summary on the/ @ Igrduindand hazarddy zones Comprehensivgersionin

loose unconsolidated gravels
sand, clays and organic matte
Bearing capacity varies from
moderate (0.3MPa) to a low @
(0.08MPa).

AppendixB.
GEOLOGICAL HAZARDFOUND IN OTHER
COUNTR) ZONE CONSIDERATIONS THELITERATURE | CONSIDERATIO|
J1 | Alluvium andengineered fill | Liquefaction, Located in a
Jamaica (hydraulic) Alluviumis fissuring, subsidenceg marine protected
compacted in upper 1m and i{ and differential area.
peat clays, fine sand, silt and| settlemert from
Naturally
gravel and marl. egrthqua}ke damage orotected by
Fll was finemediumgrained prior to fill coastal vegetatior
GRAVEWith a trace of shell | Storm surge, andfeatures.
fragments. Compaction and | hurricane wind
surcharge were used for damage potential
ground improvement. scouring of
Organicsilt and varying embankments and
proportions of deayed earthworks.
vegetati_vemateri_al beneath Potential cbformation
the engineered fill from organic material

J2 | Engineered and nen Urban flooding, Naturally
engineered fill overlying subsidence from protected bythe
alluvium soil. groundwater Palisadospit
Upper unconfined and lower | extraction, hurricaney complex, shallow
confined aquifes. tsunamis/seiche. cays and shallow
Groundwater 2m big areas in the

harbour.

J3 | Engineered platform of Hurricanes, storm Located in a
compacted marl on a lagoon | surgesscour, marineprotected
overlying conslidated marine | earthquakes, coastal area.
calcareous sands and silty sa flooding, urban
on top of a coastal reef flooding, liquefaction
platform. sinkholes
Groundwater0.914m/3ft bgl.

J4 | Dredged and reclaimed land | Subsidence Located in a
(coralline rock and sand) erosion and scour, | marine proteced
overlyingmarshlanddeposits | hurricanes and storn] area.
with low bearing capacity. surge, earthquakes,

High water table. liquefaction and
tsunamis.
J5 | Alluvium (interbedded with Possiby hurricanes, | Protected from

flooding,
earthquakes and
subsdence

the coast with a
sewage treatment
plant and

mangroves.
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GEOLOGICAL HAZARD FOUND IN OTHER
OCINIIR ZCINl: CONSIDERATIONS THE LITERATURE CONSIDERATION
L1 | Airport onMade Ground
St. Lucia overlying coarse sand and
clay. Port is oMadeGround | Fiooding from storms
overlying basaltiad andesite | 5nq
agglomerated tuff. intense/prolonged
Nearby groundwater 1.7m bg| ainfall events
L2 | Alluviunt Basaltagglomerate,
clay, silty clay soils on Goastal flooding.
agglomerate tuffs and altered
andesite ash.
B1 | Thin friable dark brown sandy Located near to Rarely affected by
Barbados CLAY. Overlying coral mapped sinkholes. | hurricanes One
limestone; soail rich in lime anc of the few islands
phosphates. with a lowest risk
B2 | Many areas oMadeGround | At risk of flash of hurricane
but composition and flooding. damage.
treatment unknown. )
Blackdark grey sandy CLAY. Limestone
The clay is smectoid (swelling geology at algh
formed from weathered coral risk of coastal
and ash fall overlying coral erosion.
limestone. Contains 4%
organic content ad low in
soluble phosphates.

Table4-4: G.A.identified at selectedC.l.

COUNTRY| ZONE | GEOTECHNICAL ASSETS OBSERVED FROM GOOGLE EARTH, GEOLOGICAL
MAPS, PHOTOS AND VULNERABILITY REPORTS
J1 | Pavement & Embankment (Airport); Fill and Ground Improvement (Airport,
Jamaica Seaport)
J2 | Fill and Ground Improvement (Seaport & Energy Facilities); Embankments
{Seaport); Foundations (Energy Facilities)
13 Pavement; Fill and Ground Improvement and Embankment
14 Fill and Ground Improvement and Embankments
15 Foundations
L1 | Pavement & Fill and Ground Improvement {Airport). Fill and Ground
5t. Lucia Improvement (Seaport].
L2 | Pavements & Fill and Ground Improvement (Airport), Embankments, Fill
and Ground Improvement (Seaports); Foundations (Energy facilities)
Bl Pavements
Barbados B2 | Fill and Ground Improvement and Embankments (Seaport); Foundations
(Energy Facilities)
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4.3 Climate Projegbns

Projections from the mtergovernmentalPanel on dimate Change (IPCCand Regionia
Organisations cahe represented usin@ither emission (via Representative Concentration
Pathways¢ RCPs) oglobal temperature increase scenariosSee AppendixC for the
relationship between R& and temperature. Many comprehensivestudies on the
Carbbeanarebased on the Paris Agreement adoptad2015, to limit global temperatures
to less than2.(°C above prendustrial levels This wasbased on theregionQ éxtreme
vulnerallity to C.C.and the beliefthat 1.5°C is the limit the region can tole&a(Anon,
2018) Table 45 presentsclimate projections for 1.8 and 2.8Cscenariosand Table %6

for the islands Some researcherdo notthink this target can be metwith a recent study
forecastingtemperature may exceed.5°C between 20®-2024 (World Meteorological
Organisation, 2020) However,there is still hope to reverse this trerabk the study only
considered a short period of time (5 years) compared to the 4eng effects of climate
and this forecast is of a 20%hance Additionally,i KS Lt / / Q& sufjdedie8 &
that attaining1.5°C by 2100 may still be possible if global hetman C@emissions reach
zero by 205@IPCC, 2018)
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Table4-5: Summary of Caribbeadlimate projectionsby 2100 using two scenarios

THREAT

1.5°C BY 2100

2.0°c BY 2100

Global Sea Level rise (melting ice, thermal
expansion and land storage)
[Baseline year 2000]

+0.48m (+28-82)

+0.56m (+28-96)

Global Marine heatwave x16 x23
[Baseline pre-industrial levels]

Global Ocean acidity by 2100 +9% +24%
[Baseline 1986-2005]

Caribbean near surface temperature change +1.2°C +1.6
[Baseline pre-industrial levels] (+1.0°-1.4°C) (+1.4°-1.9°C)
Caribbean annual precipitation +4% 0%

[Baseline 1971-2000]

Caribbean Annual days rainfall >10mm (heavy) -1to +2 -4 to +1

[Baseline 1971-2000]

Caribbean Time in mod-severe drought
[Baseline 1976-2005]

17% (~3 months)

26% (~5 months)

Source: Taylor et al., 2018; Carbon Brief, 2020.
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Table4-6: Climate projectionsy 2100for selected countries.

1999; Mean+1.8 °C by
the 2050s and 3°C by
the 2080s

Climate St. Lucia Jamaica Barbados
Feature
Temperature| Warmer(baselinel970 | Mean+0.75to +1.04°C | Approx.Mean+1°Cto 2°C

(2030s) +0.87t0 +1.74°C
(2050s) ad +2.0to

3.0°C/1.80 2.3°C (2100

by 2067
Using statisticamnodelling
2.3°C/0.7°C by 2100

Land warming faster than oceamneas more hot days and less cold days;
sea surface temperatures at slightly lower magnitude tharsaiface

temperatures above.

Precipitation

Drier by 2100projected
medianannual
decreases in rainfadlre
22% and 32 %.

MJEZ> RNA SNJ @
drier for the most sever
scenario by 2100.
Potential spatial
variation.Annually +5%
wetter at 1.3C but-2%
drier at 2C.

Drier average decrease (
7% to 18% by 2090
Rainfall intensity may
increase up to 45% for
extreme events.
Annual precipitation+2%
ata 1.5C but-7% at 2C

increases in storm surg
levels; mostly decrease
in the wave powenpf
extreme storms
Hurricane intensity to
increase, but not
necessarily the
frequency.

Sea level Mean riseof 0.31- Mean rise 00.43to Mean rise 00.2-0.4mby
0.35m by 2060 and 0.5¢ 0.67m by 2100 & a max 2067.
-0.76 m by 2100 of 1.05m Compared to 19861999
dependirg on the baseline ranges from
scenario. 0.130.56m by 2100.
Storms Small/moderate No statistically Possible increase in

significant increase in
the frequency, but 80%
increase irCategory 4
and 5 hurricanes to
2100; Wind increase
+2% to +11%:; Rainfall
rates +20% to +30%if
0KS KdzZNNX Ol

hurricane intensity of 2%
to 11% by 2067

Source: Chen et al., 2006; Mcsweeney et al., 2012; UNDZPA17¢c; UNCTAD, 2017b; Barbados
Climate Change, 2017
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4.3.1 Commentary orProjections

Observations from Tables53land 46 indicate thabaselines and methodologies vary in the
projections. Initial attempts to correlate these data with other temperatyrojections
(Appendix C and D) compound this observatibhesecontribute to the aleatory risk, e.g.
natural variation in temperatur@and precipitation Someepistemic risksdentified during

research include:

i. Relativelyyoung age of climate science (formally accepted in 1988),
ii. Existence of 39 climate models that have differing parameters and complexity,
iii. Alimited understanding onlecnate systems and the interaction between and among
each weather variable,
iv. Variation in results from instruments (ground vs. satellite and weather balloons),
v. Difficulties in predictingand projectingweather and forecasting pcipitation and
storms,
vi. Limits to computing power, and
vii. The limited historical, regional and globdkata as C.Cwill have varying effects on
regions and not all regions are equal in data collection, monitoring and equipment
(Legates, 2002; Henderson and Hooper, 2017; National CémteAtmospheric
Research2020)

4.3.2 Potentiallmpacton C.I1. ands.A.

All manifestations o€.Cthreaten C.I. with the only difference beitige timeline with slow
and progressive changes and more rapid changésge most immediatdhreatsto coastal
C.larestorms, storm surgeand SLRAIl manifestations will affedhe operations, function,
maintenance and survival €.l Using above projections and additional information, Table

4-7 summarizes C.C.'s potential impacts on C.I.
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Table4-7: Potential impacts ofC.Crelated hazardson the C.l.investigated.
. . Impact: Energy
Hazard Impact: Airports Impact: Seaports Eacilities

Increased Need for unway extensions fronmpact on | Damage to infrastructure, equipmeand | Increased energy demantpwer

Temperatures | aircraft performance cargo;Asset lifetime reduction; generation efficiencyChange in
Change tdeating andcooling requirements| Thermal impactbon paved surfaces andad | heating and cooling requirementsid
addsstress on wateand energy bearing equipment stress on water
Heat damage to runways and taxiways Heat related illnesses
Changean demandpatterns Operatioral Increased energy usage and costs
challenges

Change in Damage to infrastructure and support Flooding and inundation afnshore Flooding and damage to undergroun

precipitation
(drought; intenseg
rainfall everts)

facilities Hooding;
Increased maintenangeperational
challenges

componentsOperational challenges

(including problems with cranedpamage
to cargo & equipmentChanges in dmand

structure; Damage to infrastructure
andequipment;
Increased stress on wateesources

(also increase in
storm surge)

Damageanddeterioration ofinfrastructure,
foundations, pavementand other facilities
through scour, erosion and corrosion
Increased maintenance andpairsand cost
Stresses the emergency management
function of the facility (acting as a shelter g
hub for relief)

cargo;Deterioration of coastal protection
andincreased erosion of infrastructure;
Changes in sedimentation and navigation

channels;

Higher construction & maintenance costs
Operational, logistical and health challeng

Increase in Operational challengeggancellations, Scour, eosion & damage to infrastructure | Service disruptions;

storms rerouting of flights thus increase in fuel and coastal defencefsom debrisand strong Damage to infrastructur& equipment
usage; Sorm surge;Hooding winds Flooding;Operational challenges | from physcal damage or erosion
Damage to infrastructur@anderosion Increased maintenance costacrease in
Damage to ground access to facility siltation andmaintenance dredging

SLR Loss of capacitfinundated) Inundatiors Damage to infrastructure and | Inundation of facilities;

Pollution and comamination of
groundwater andhe environment

N.B. Operabnalchallenges includeeadays, downtime, damage tequipment
Source: Emmanue(2013; UNCTAIRO0173; Burillo(2019.
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Thesehazardsalso impact the groundnd G.A For the Caribbean these includeanges in
hydraulic inputs and outputs weathering, material propertiesand geochemical
composition Other impacts areincreased loads and actions froBLRwinds, debris
precipitation and the force of water from flooding and increased wave actiorable 48
summarizes the potential impact of C.C. on the ground and G.A.gdifor projections in

Table 46 and 47. 1t was compiled usinopformationon:

i. The potential impact ofC.Con the ground
ii. G.A.Mfor transportC.l.in Europeandthe U.S.
iii. Failure modesfor G.A. in Section 3.2
Iv. Ground and hazard conditions in Tabl€4
v. Observations made fromeconnaissance reports from th@eotechnical Extreme
Events Reconnaissan@&@EERAssociatioron storm damage within the Caribbean
and U.Sbetween20082017.
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Table4-8: Potential impact and failure modes on the ground and potentially most affected G.A. from the thre&.Gf(Adapted from
Vardon, 2015Vahedifard et al., 2018; Argyroudis et al., 2019)

: . G.A. most .
ClimateHazard Potential Impact Failure Modes
affected

Increased 1 Soil dyingfrom higher evaporation rate€ increased suction, Pv Uplift; differential settlement thermal
temperature and desiccation cracking Em fatigue.
extreme hd 1 Soil organic carbon oxidatidh shrinkage, subsidence Fdn
weather { Changes in vegetation amou@t varied effect

1 SoildryingC desiccatiorcrackingclayshrinkage and increased Pv Piping internal erosionslope instability;
Decr_eis;a_d 4 suction Em differential settlement
precipitation an L : Fdn
longer droughts 1 Redueglvelgetatlonc mcreasafj surface erosion .
especially induce 1 Reduction in water tableespecially ilsoused for domest Potentiall
by ENSO extractionC Settlement; Increased susceptibility to intense Olfgc'sa y

precipitation from desiccation cracking and shrinkage

1 Rapid soil wettinge dynamic pore pressure changes Pv, Em, | Piping slope erosion and instability (alor

1 Increasedgroundsaturation, svelling of clay materiali prolonged ShFdn, | discontinuities, toppling, falls, sliding,
Intense 1 Increased surface runoffflash floodingoverland flowC substantial slumping and translationdailure); soil
Freupltatmn soil erosion erosion seepagescour settlement uplift.
rom : . . _ .. :

1 Triggershallow/reactivatdandslidesand debris owsC increased | Potentially B e
ENSO/sterms friction on soi] loss of suction, increased soil weigind decreased | DpFdn & Fm Zn?. e mStfb!“tly f[allur?h(;f terial

s e F&G oundation or material strength/materia
failure.

1 Increased action from wind, blown debris and wave ac@omhysical Em Scourwave erosionundercutting and
Sronger winds damage, incrasedgroundscour and erosiomeed more durable ShFdn, | slope instabilityovertopping with waves
from storms revetments forcoastalprotection. F&G

* AcronymsPavements (¥; Embankments (Enfjpurdations (Fdny}; Shallom(ShFdn), Deep (DpFdn); Eitid Ground Improvement (F&G)
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ﬂg;‘::g Potential Impact i%crpe?t Failure Modes
1l Coastal flooding and wave actiéh lowered suction due to wetting, Pv Inundation, piping,niternal erosion,
increased risk afmultiple failure mechanisms, increased erosion from Fdn seepage, overtopping, scour, wave
the seas and debris, movement of boulders used in revetments Em erosion, washoutgorrosionto
1 Inundating structure€ pore presure increase; reduction in strength ~ F&G foundations, costal erosion and landslid
change irdensity/material properties slope instability, uplift
Sea Leel Rise |{ Increase the intensity aftorms (see impacts related to storjns
and storm 1 Saltwater intrusion and changing the interface between freshwater
surge seawaterC potential corrosion of concretioundations and reduction

in strength especially faf not designed for saltwater conditions

9 Groundwder levelscouldrise (groundwater flooding) as saltwater is
denser than freshwate€ large pore pressure increases and reducti
in strength, soil wettig and softening, heave or possibly affect erosi
rates in karst.

o {l Potential corrosiorof steel anddissolution ofconcreteC reduction in Fdn Corrosionincreased coastal erosion anc
More acidic strength of foundationsoceans absorbing G@ill lead to el
oceans HCQ + Ca(OH)<=> CaCOF 2HO.

1 Enhanced coral bleachirmgn potentially redue the natural bufferfrom
storms and strong waves increased coastal erosion

1 Changes in vegetation (emangrovesC varies but can also reduce
coastal protection

* AcronymsPavements (B; Embankments (Enfjpurdations (Fdny;, Shallom(S$hFdn), Deep (DpFdn); Eitid Ground Improvement (F&G)

DirectSource: Masuda(2002); Collins et al2015; New Hampshire Coastal Risk and Hazards Comm({26ib®; Ingham et al(2016); Jamal2017);
Cementaid (UK) Limitg@020).
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4.4 TestingSLRScenaris

4.4.1 The Riskto C.I.

Based on the informatiofrom Section4.3, global temperatures of.5°Cand 2°C and an
upper limit of 3Cby 2100were usedor SLRscenarios The SurgingSeas Mapping Choices
KMLfile was superimposed orGoogle EartiPromaps(Section2.3). Figures4-8 to 4-10
display thechanges in SLR across the range of temperatureach zone Two things that

could not be included in these scenarios were isostacy from

i. Activity atthe Caribbean Plate boundaries and
ii. Localized responses differential uplift of 00.6mm/yr in Barbados and both
differential uplift and subsidence in Jamaica@2mm/yr to +0.14mm/yr (United

Nations Environment Programnes al., 1993; Speed et al.022)
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Figure4-8: Zones 1-5 by 2100at different SLR scenarios.
Source: Climate Central, 2020Google Earth Pro,@20b.
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Figures 48 to 4-10 show that C.I. irBarbados are the least vulnerable to inundation,

followed by St. Lucia and Jamaiddost of the C.lin Jamaica and St. Lucia anendated

at a global temperature of°€. All C.I. in Barbados and St. Luebcepting portswould not

be inundated at °C and 2C. For Jamaica, S.l.W. Zone J3vill be completely inundated
at 1.9°C followed by zones J4 then J2 and J1.

Observations made when zoomd at each zone were used to generateisk matrix for

the impact onC.l.(Figure4-13). Usinginformation from Table4-7, measuring the length of

inundation in and near C.l. from the scenario maps and makingstimationwhether the

assets could be protected for e.g. using a physical barrier or moved ifbased on repos

for Jamaica and St. LuciamdJNCTAD, 20173 risk matrix was developed (Figutell).

Theinterdependenceof the C.I., surrounding settlements and roads to and ftbm C.I.

were not considered in the risk matrix.

(@)

VULNERABILITY AND IMPACT

Insignificant:
0-19% C.I.
inundated & can be
moved/raised/
protected; minor
disruption

Inundated

Not
inundated
but coastal
protection
breached, or
water found
nearby
Not

inundated

ASSET EXPOSURE TO SLR

Minor:
20% inundated &
can be moved/
raised/
protected; minor
disruption

Moderate:
>20%-40%
inundated;
medium-major
disruption but may
still be able to
function if raised/
protected

Medium

Low-Medium

Medium-High

Medium

Major:
>40%
inundated;
major
disruption
and will need
to be moved

Severe:
Cannot
function,
complete
relocation
necessary

Figure4-11: (a) Riskmatrix legend and(b) risk matrix for the potential impact ofSLRat
1.5°C, 2C and 3C on selected C.I.
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Figure 4-11 contd. (b)
Zones C.l SLR at 1.5C SLR at 2.0C SLR at 3.0C
No| Type No. Description Risk No. Description Risk No. of C.I. Description Risk
Impacted Impacted Impacted
Sea defense breached b Approx. 50% of the airfield and
J1i 2 | Airport, 1 runway not affected 1 some of the other facilities are 1 Completely inundated
Seaport 0 0 1 Completely inundated
Parts of the port are Medium Approx. 30% of the port is Medium-
Seaport 1 inundated but not >15% 1 inundated High 1 Completely inundated
J2 |6 Part of the refinery breached and Approx. 50 % of the refinery
5 Energy one part inundated; 2 power plants| inundated; 2 power plants completel
Facilities 0 3 inundated 3 inundated; 2 power plants safe
TOTAL IMPACTE 2/8 5/8 6/8
J3 1 | Airport 1 Airport fully inundated 1 Completely inundated 1 Completely inundated
Seaport Mostly inundated 1 Completely inundated 1 Completely inundated
J4 | 3|2 Energy Not inundated but
Facilities 0 adjacent port is 2 Completely inundated 2 Completely inundated
Energy
J5 1 | Facility 0 0 0
TOTAL IMPACTE 1/5 4/5 4/5
Approx. 20% of the runway is floode
Airport, Sea defense breached but runway Approx. over 50% of the cargo holdi
L1 2 | Seaport 0 1 not affected 2 area is inundated
Sea defences breached and a sma
part of the southwest field is Approx. 50% of the runway is
Airport 0 1 inundated but not near the runway 1 inundated
L2 4 Water breaches a small Over 50% of the container terminal .
part (~5%) of the cruise is inundated but about 10% of the MEd_'um'
Seaport 0 and container terminals. 1 cruise terminal is inundated. Il 1 All port facilities inundated
2 Energy|
Facilities 0 0 0
TOTAL IMPACTE 0/6 3/6 4/6
B1 1| Airport 0 0 0
Approx. 10% of seaport Approx. 20% of seaport terminal a m
B2 4 | Seaport 1 terminal inundated 1 pier inundated 1 Completely Inundated
3 Energy| Water nearby but most C.I. not Medium &
Facilities 0 0 1 touched; 1 power plant inundated Medium-
TOTAL IMPACTE 1/5 1/5 2/5
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Figure 411b shoved Jamaica hashe most atrisk C.l. at the lowesscenarioof 1.5°C,
namelyin Zones J3 and Jd the city of Montego Bay The C.I. in St. Lucia and Barbados
appear to be safe at.5°Cand are more at risk progressively frofC2to 3C with seaport
terminals impacted first, followed by other CEven at 2.8C, the C.I. in Jamaica would be

the most at riskwhich would beproblematic as the airports investigated are the country's
main airports The facilities with the lowest risk for all scenarios dre Airport at B1, and
Energy Facilities within Zones L2 andTisese are the safest based on either the elevation

of the C.I., their location away from the coast or if they have some form of protective

0 NNASNX 06 dzF FSNJ F2NJ S ofotected by vetlanilp and a SyageNH &

treatment plant (see Figure-8).

4.4.2 The Risk t&.A.

Figure 412 summarises the rigkatrix on the potential impact of SLR scenarios on the G.A.
found in Appendix E. It was compiled usiablés 43 and 44, SLRind stormsurgein Table

4-8, and visual observationsndahe proximity of SLR to the G.AA different legend was used

for thismatrix, comprising theprobabilityof SLReaching the G.Aand consequenci could

have Assumptions were based on potential impactsthese structures; no information
was found on current ground conditions or deterioration rates to improvertsle matrix.
Moreover, out of all the G.A., foundations were the hardest to assign a risk rating as they

are underground.
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Zones C.l. SLR at 1.5C SLR at 2.0C SLR at 3.0C
G.A.
No. Type impacted
Airport
J1 2 (F&G; Em; Pv) | F&G; Em
Seaport (F&G)

Seaport (F&G; Em F&G; Em
J2 615 Energy Facilitie
(F&G; Fdn)
Airport Pv; F&G;
J3 1 (Pv; F&G; Em) Em

Seaport (F&G; Em F&G; Em

J4 3 2 Energy Facilities Medi
(F&G: Em) Em eaUM | reG: E

J5 1 |Energy Facility (Fdp)

Airport (PV, F&G)
L1 2 | Seaport (F&G; Em F&G & En

Airport (Pv; F&G) F&G
Lo | 4 | Seaport (Em; F&G) Em; F&G| Med-High

2 Energy Facilities
(Fdn)

Bl 1 Airport (Pv)

Seaport (Em; F&G Em; F&G| Medium | Em; F&G

B2 4 | 3 Energy Facilitieg .
(Fan) ] Medim

*AcronymsPavements (B; Embankments (Enfjpurdations (Fdny Shallow(ShFdn), Deep (DpFdr
n); Filkd Ground Improvement (F&C

Medium
n

Med-High

Figure4-12: Summaryrisk matrix for G.A. at different SLBcenariosy 2100.
Comprehensive version in Appendix

Figure 412 showsthat the G.A. in Jamaica will potentially be the most at risk to SLR if global
temperatues were to reach 2or 3°C. Both C.I. and G.A. in Montego Bay, Jamaica (Zones

J3 and J4) would be the maatrisk forthe lowest scenario of 1°%€.
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4.5 Additionalregionaldesignconsidention

To plan for and mitigate the risks identified, other consat&ms need to be mentioned
that could affect or be affected by geotechnical desiga identified irBanton et al.,
(2017)these are

i. Limited natural resources famonstructiong e.g. sand, rock and aggregate and poor
rock quality for coastal protectigre.g. Barbados.
ii. Constructionagisticsg how to get material through and tthe islands.
iii. The limited land for relocating G.¢ompounded by social or infrastructlr
constraints.
iv. Environmental concernscoral reefs, mangroves and other natural systems that act
as a buffer to SLR and wave action must be encouragddot harmed.
v. The gplicationand suitability of new technologythe Caribbean's location may
makesome solutions prohibitiv@imits to adaptatior).
vi. Sociabenefits or inclusiorf localsin projects
vii. Designshouldbe stable under current forecasts but adaptabdeftiture
projections.
viii. Designsnustbe technically and economically feasible for small economies with

limited funding for maintenance.

4.6 KeyFindings

1 The Caribbean is diverse and extremely vulnerabl&.t®based on its location,
hazardprone nature, island@haracteristics, natural environment and other socio
economic factors.

1 Ground characteristics of the selected sites include engineered aneengmeered
ground, weathered volcanic and carbonate soils kadstified ground.

1 The most atrisk C.I. and G.Ao the impact of SLR are found in Jamaica especially

within Zones J3 and J4 for all scenarios.
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1 Seaport terminals oMade Ground will be the first C.I. affected by SLR. Some can be
moved but not all.

1 Elevation, distance inland and buffer zones protecseme facilitiesn the scenarios
tested.

1 Additional studies must be done to refine the risk matrices generated for future
scenarios.

1 Additional regional considerations, such as limited construction resources and
funding, environmental protection and gservation will need to be included in

existing and new geotechnical designs.
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5 APPLICATION OF DESIGNS

Using the riskassessment portion of the risk management process has been useful in
identifying potential C.I. and G.At risk to SLR scenas in the Caribbean. Now, the
potential impact and application of these designs to the future scenarios imfaliil of

Aim #3 will be discussed.

5.1 Conventionabesigrs

Under existing C.l1. and G.A., Section 4.4 shows that six of the 24 C.I. wouiel inedsa all

SLR scenarios (Figurd ). This corresponds to the G.A. in Zones J5, B1 and L2, and most
energy fadities in Zone B2 (Figure and Appendix E) which may survive all SLR scenarios
tested. Therefore, current conventional designs may pppthese G.A. by 210®&ll other

C.l. and their G.A. may be at risk and may need to uséas&d approaches. ddever, it

could be said that:

i. The survival of the C.I. and G.A. examined were mostly based on their location rather
than their design.

ii. Risk rating allocations were based on visual observations and limited information
assumptions.

iii. Projections were based on assumptions of a future that may not come to fruition.

Neverthelessnew riskgdentifiedfor Caribbean C.I. and G.A. need to be addegl. Hence,
there are two options on how to treat the existing and new,@ither continueusing

conventional design ausethe riskbased approaches.

Gonventional design solutionsow being implemented to mitigate the impact of SLR on C.1.
include using climate projections to construct higher land, increasing weoaise scenario
events designed, building protective sea walls, introducing better and higher capacity
drainage systems and constructing physical barij@gravante, 2019)All solutions would

utilize and/or impact existing and new G.A. designs and could addreskal.land G.A.
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Table 51 presents the potential application of these solutions with addition&drimation

and case studies in Appendix F. Even though these solutions use climate projections, they
are still based upon the principles and features of conventideaign; which are inflexible,

NEII OGA GBS WI@2ARA& N ajl QotényaRutukelbénefits KrShrehti? G Sy (

to designs indicated in Section 3.3
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Table5-1: Potential applcation of conventional solutions for the C.I. and G.A.
investigated.

Increasing WorsCase
Scenarios in thelesign
e.g. from the usual in
50/100-year events to 1
in 10,000year evens

Conventional design Where Where it . .
solutions to mitigate possibly possibly C\:Acl)hlfliele\ng'?s\;\tl)gRK
SLR NOT NEEDE COULD WOR
Construct Higher Land Potentially at |  Potentially at J2, J3, J4, B2. J2 ¢
e.g. raising all seaport WnQad SYy3aAySSNEF
embankments ad At1.3C terminals with | material with some indication of
revetments Nearly all mediumor subsidence recorded at J4. As J
zones except higher risk and  was reclaimed wetland there is
J3,J4and | atarports in the potential of organic material
the Seaports | zones L1 and | the foundation soil.
atJz2,L2and| 2. 1 Allunderground structures e.g.
B2. drainage, foundations, etc. woulc
have to be redesigned.
9 J2 and B3 is located within capit
At2.0C cities and any changes may havi
Zone J5. to be implemented for the entire
Most C.I. In city.
Zones L2, B1

and B2 excey
seaportsat J1

For the expansion/upgrading of all C.I. and their G
This will be dictated by policgost, technical
feasibility and information available to determine
what event can be dégned.

e.g. raising or building
new walls fomitigating
storm surge and SLR

Introducing Better and
Higher Capacity
Drainage Systems
e.g. assessing and
upgrading drainage

Constructing Physical
Barriers

e.g. Levees, tidal gates
holding ponds and
pumping stations to act
asbarriers/buffering

At 3.0C
Building Protective Sea C.I. in Zones| For all facilities with Mediurtigh risk in Table.
Walls J5, L2 and B] However, as all islands are surrounded by the sea

feasibility of this may not be practical the long-term
and may have a negative impact on the natural
environment

For all medium or higher risk facilities though cost
and practicality wiltdetermine feasibility
Information is needed on the current and expected
capacity to and maintenance of the drains are
important for its functioning.

For all medium or higher risk facilities though cost
and practicality will determine feasibilityrhe
physical barrier may also have an impact on the
surrounding coastline and ecosystem and may be
problematic for Zones 34 which are irMarine
Praected Areas.
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5.2 Riskbased approaches

Thesustainable, resilient and adaptidesignsall couldbe used to varying degrees fat-

risk G.A identified in Figure 412. As there are limited physical, naturadocietaland
economicresourcesn the Caribben, sustainable designs would be relevaktowever, the

impact they will have on reducing SLR in the regimunknownand may not be useful

without a greater globahvolvement in tackling C.@esilient and adaptive designs may be

more feasibleas theCaribbeanslands haveadditional hazardeutside of SLR that could
weaken structures! OO2 NRAYy 3 G2 aNXP | F NNRAZ WFYFAOIQa
design however if SLRcenarios testedvere tocome tofruition, especially fothe Airport

at Zone J3 (Figure 48), then an adaptable desigwould be more suitable. Table 52
presentsthe possible application and suitability of these designs to the SLR sz®msing

information from Section3.4 and 4.24 5.
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Table5-2: Potential application of riskbased approaches for C.I. and G.A. investigated.

Typeof Potential measures Whgre Where it . :

: : possibly : Where it posibly
Riskbased to design NOT possibly COULD NOT WORK
approach for SLR NEEDED COULD WORK
Sustainable| Greater efficiency with | Inundated | For expanding and new C.I. and G.A. bl

energy and resources, { C.l. and G./ cannot be determine for those sted
introduce new materials with SLR scenario.

andtechnology to There is no guarantee this will slow dow
reduce GHG and groun SLRegionally

resources

Sustainable| Promoteenvironmental ? All sites, especially those in Marine

solutions Protected Areas of 314. These solutions
may be a more costffective and can act
as a lffer for stronger waves and
flooding however, it will require
monitoring and maintenance and the
impact is unknown.

Resilient | Add redundancy C.l. and G.; Dependent on the type that will be used
measures with very | competence of the geology faupport,

low risk cost, space and technical limitations.

Resilient | Plan for response and | C.l.and G.A Potentially for all C.I. and G.A. with low {
recovery with low medium risk. Any higher and another

risk design needs to be used. Heavily
dependent on cooperatioof other
stakeholders.

Adaptive | Relocation C.l. and G.| Needed forall inundated facilities

with very | especially S.I.A. in Zone J3 at all scenar

low risk but will be determined bythe cost,
technical and practical feasibility and
policy.

Adaptive | Using new technology/| C.I. and |Dependent upon the costechnical
materials (e.g. floating | G.A. with |capacity and funding for use and
structures or hydraulic | very low |maintenancecurrent and future ground
jacks to raise stretures)| risk conditionsand bwy-in from stakeholders

Adaptive | Flexible and planned |Inundated | For port terminals | Limited for airports
phased designs C.l. andG.A at risk. Potentially | and power plants

for oil and gas
terminals.

and the oil refinery
at risk.
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5.3 Uncertaintiesand isses that need to be addressed in the designs

If conventional designs are to be usedhether for existing or new desigrsdme things

need to be addressed:

i. The noninclusion of C.C. in their standardsA-R or parameters.
ii. The linear process of coemtionaldesign which encourage a reactive and inflexible
response to C.C.
iii. If empirical and deterministic data will be used for desighsyé must a reference
point to measure and justify changes over tithat will be used for decisiemaking.
iv. If all the geotechical uncertainties and risks mentioned in Section 3.1 were never
acknowledgedaddressedand potentiallyreduced, thér riskscouldbe compounded

andintroduce additional riskeven with designingpr future projectionsof C.C

If risk-baseddesigns ar¢o be used, whether for existing or new desigihe understanding
of each of the three will require a consensus among all stakeholdersadddional
research and informatiowill be needed.As indicated in bullet (iii) above a reference point
will be needed for all to measure the success of eatlowever, ©ncrete determinations
on the applicability and suitability dfoth designs cannot be madeTables 51 and 52
reveal thatthere are many interconnected factors and uncertaintiesh in and outsideof

design that must be addressethey are:
1. The current condition of the G.A.

Regardless of which type of design is implemented, the current ground conditions of
the G.A. need to be determined. This is especially important for the islands studied
as divese geologies and other features will feedia design. Also, as promoted with
resilient and adaptive designs, monitoring changes over time as well as improving
knowledge on the potential impact the solutions or its surroundings have on one

another and orcurrent G.A. would be necessary to determitme applicability
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2. Cost Policy and buyin from stakeholders
These factors are very important for the applicability and choice of design used.
Questions arising in discussions concern the feasibility angterm efficiency of
implementation, whento implement solutions, government and private sector
concerns and how new solutions will affect surrounding cities. Discussions with Mr.
| F NNA& YR aad® bdzZNAES FNRY G(GKS MNRaéethy Ayl
is disaster risk reduction for @tms and earthquakes (Jamaica) and sinkholes
(Barbados). Less attention is paid to léagm effects of C.C. such as SLR, which is
valid because they are more frequent shitgtm hazardgHarris, 2020; Nurse, 2020)

Additionally, continuous storm impacts may weaken structures at a faster rate

Political willpower could also be another factor. Caribbean governments generally
have political terms of five years. If SLR i®ngterm manifestation of C.C. with

impact expectations by 2100 (next 80 years), there is no guarantee action will occur
in the near term. However, it should be adequately timed, based on the findings of

Chapter 4, to make plans for their C.I. andesitin advance.

Additionally, uncertainties with climate data and science mentioned in Section
4.2.1.1, may not be acceptable to investors in the construction and maintenance of
C.I. and may delay or curtail any of the conventional solutions used. Hovikaer

will be determined byhe client and available funding which is most times aligned
with maintaining the lowespossiblecost. Even introducing new technology and
materials in construction is novel and not normdlich relates to the acceptance of
risk-based solutions which aret widely acceptedurrently (Table & in Section 3.5)

These factors pose one of the greatest threats to the applicability of both design

types.

3. Data and informationused in desigrs

The quality, time frame and credibilityf information available in esigns are very
important for determining solutions. In compiling the Caribbean information, it was

found that much of the geologic, environmental and hydrometeorological data and
Page |75



SOEES5050M Student ID201381450

hazard maps, were collected from internatidiyafinanced projects and werdated
(e.g. geological maps from the early 1900s). It could be assumed, from limits to
technical capacity, data and funding, that the data are not monitored vigorously as in
the U.K. or U.S. where G.A.M. is being implementtthe quality of informatio used
in design is not reviewed, the designs may not apply. Additionally, if uncertainties in
climate data and science (Section 4.2.1.1) are untreated, there is no guarantee that

designed used will survive under new condiso

4. Technical angnvironmental limitationsg is it practical?
The practicability and sustainability of implementing solutions will depend upon the
unique characteristics of each country and additional regional considerations listed in
Section 4.5. Botlypes of designs Wihave to be considered, but the best solutions
for reducing public risk will take priority. The prioritisation will ultimately affect the
sustainable designs. Locating and constructing new C.lI. may not be financially and
technically éasible in the sharterm. Resilience may not be possible for fully
inundated C.I. identified and limits to adapting by relocating or using novel
technologies may apply from the limits on land, layout of cities and funding

constraints.

5. New Uncertainties
Within C.C., new climate phenomena and uncertainties are emerging. As recently as
August 22, 2020 the first doubleurricane to exist within the Caribbean manifested.
Stormguakes, rainbombs, multiple and new hazard events are being discovered and
studied (Anon, 2019) Outside of C.C., projected changes in policy and funding,
demographics and urbanisation, alternative energy, hggth construction/advanced
materials, rapid digital transformation and new techogy, smart cities and new
transport modes will have to be considered in desi¢@kbal Infastructure Hub et
al., 2020)
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A synergy between the conventional and fisksed approaches may be best. However,
new uncertainties that will appear in the future make a strengase for the application

of the risk-basedapproach

5.4 Potential role ofthe EnGeolfor future designs

First to make a more meaningful contribution, their role on the design team should
be elevated so that risks identified are not left to the geotechnical engineer for
interpretation, but to project management for meaningful decisimaking. Their
role should no longer be limited to design but to one encompassing the life of the
structure. EnGeol for the future would have to play a greater role in planning, site
selection, monitoringcommunicating, decision making and researchiegeffects of
C.C. to make a meaningful contribution. As with the -biaked approaches,

monitoring will be a key area for the EngGeol involvement.

The new climate phenomena outside of the challengesnegstigating tropical
geology (Section 4.1.3will bring new challenges in the ground investigation.
Conversations with Ms. Nurse indicated that in Barbados, the interface of seawater
and freshwater, resulting from C.C. is already proving a challfengiee identification

of sinkholes using geophgal equipmeni{Nurse, 202Q) EnGeol will have to be #ite
forefront of working with multiple disciplireesuch as climate science and geophysics
to develop new technologies and methods to manage future uncertainties. A more
involved role in communication and decision making as mentioned in the example of
the USGS activity during Hurricane Sandy (2012) neaypdressary. Other areas
where developments could be made are in the site investigation and research. Site
investigations in the future may need to include the potential threats to the site over
time or to categorise the uncertainties so that they canbmtter quantified through
time. The relationship of other structures to the C.I. and how C.I. could impact them

and thus in turn affect the C.I. under investigation will also be necessary.
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6 CONCLUSIOMND RECOMMENDATIONS

Testing theC.Cscenarios oSLR using components of a fisksed approachvere helpful

in identifying atrisk C.I. and G.A. on three Caribbean Islaffdee scenarios tested showed
SLR affected each country differentBanaica had the most vulnerable C.l. and most of the
C.I. and Q\. investigated would be at risk from the median scenario %.2Both
conventionaldesignand the risk-based approacheg sustainable, resilient and adaptive
could be useful for implementatioin the Caribbean at various sites all scenariosTobe
truly applicable for the future, the structure afonventionaldesignneeds to change
current uncertaintiesnust be addressednd the role of theenGeol will need tdiversifyto

better managethe uncertainties of the future.

Conventional designdo not incorporate C.C.and will not be able taeffectively manage
future risksin a timely manner, especially if they occur before predicted in the design life
For therisk-basedapproaches, lte proactiveidentification of potential risks could be used
to assst with decision making for all stakeholders, includiegGeolwho need to be
involved from as early as the planning stagesniake the best decisiaa However,
uncertainties inthe defintion of the conceptsgeotechnicacomponents climatescience
varnation in the geology of the Caribbean, current ground conditipitical and financial
conditions of the Caribbeasnd other future uncertainties magducethe effectiveness of

desigrs andmust beaddressé.

The riskbased approach provides a framewdo manage these uncertainties as they arise
as it acknowledges that the most important component is not the identification of
uncertainties and risks but how they will berated and managed by societyhe role of

the EnGeolmust be changed to incleda more wholistic approach with thddtime of a
structure from theconceptto demolition. They should play a greater role in not on the
design of structures, but theirrptection and decisiormaking required, especially in the
Caribbean, one of the mbbkazardprone regions of the worldSome of their contributions
outside of the design will involve the planning, monitoring and maintenance, decision

making, research ancbmmunication
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As we plan for an uncertain future with many twists and turns anirleeging Geologist

should be at the forefront to thrive both on the ground and a in world of uncertainty.

6.1 Recommendationfor further research

Further research could beonducted to refine or build upon this studySome are:

vi.

Investigating he relationship between isostacy and SkklRhe Caribbean

Refiningthe risk assessments using financial information and updates on the quality
of the G.A.

Examining hie role of EnGeolin thesecountriesand the relationship between the
designers and those tasked Wwithe maintenance athe G.A

Assessing localesignpracticesfor both C.I. and the surrounding infrastructure to
better understand the relationship among assets.

Applyingother manifestations ofC.C.such asextreme rainfall, storms of a certain
magnituce etc.to the C.I. and G.A. of these countries.

Assessig the effects of multiple hazards at weakening structures over.time
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APPENDICE

AppendixA: How Conventional Design incorporates the 4islsed Approach

Attempts to incorporate a riskased approach into conventional design include:

1./ 2Y0AYAY3 LINPOolIOAfAAGAO YSGIK2RA YR RS
case scenario, begsase scenarioand meétA { St & aOSy Il NA2¢ dza SR

2. Updatingdesigns with risk assessments but only after knowledge and experience
increases and a reliable design parameter can be assigned.

3. Using semqguantitative or qualitative risk assessmis of geological hazards through
hazard maps and/or risk registers, butttiolly outlined in conventional design. These
maps and registers benefit risk communicating but do not consider changes over time.
Furthermore, if the EnGeol communicate ground uwertainties and hazards
qualitatively, its translation and quantificationeateft to the geotechnical engineer,
introducing a loss of/misinterpretation of information in the process adding another

risk to the project.

Page |93



SOEE5050M

Student 1D201381450

AppendixB: Comprehensig information on the history, geology and hazardeathC.l. on the selected islands by zone.

TableB-1: Description of each C.I. in Jamaica.

Port constructed
in 2019 with a
floating pier at
what used to be
an Old Coal Wharf
(used from the
1800s).

Elevation: 46m
asl.

sand, silt and gravelPublished densities: 1.7
2.3;1.7; 1.761.92 g/cnd.

Airport buit on engineered fill. The fill was 2.4
to 7m thick hydraulic fill of fine to medium
grained sand and gravel with a trace of shell
fragments. Ground improvement methods suc
as conventional compaction and surcharge eve
used. Underlying the engineered filhe soil
consists of 1.5 to 6 m of organic silt, fine sand
and varying proportions of decayed vegetatior|
(soft, compressible soil)

Port- upper 1m of soils is compacted sands ar
gravels (west) andompacted marla the (east).

mainly 1772 hurricane (5m storm
surge) and Hurricane lvan 2004
(2m storm surge W damage to
coastal dunes and vegetah).

Airport: Potential scour of
embankments and earthworks
(Mcclarthy, 2019)

ZONES C.l. History and Geology/Geological History Historicaland CurrentHazards Other
Current State Consideratons
J1 | Airport Airport completed | Alluvium Soils over possilBoastal Group Earthquake in 1692. Located in the

(NMIA) in 1948. Limestone. 1907 earthquake (liquefaction, Palisadoes and
& Elevation: 3/m asl| evidence of fissuring, subsidence a| Port Royal
Port Royal Runway: asphalt | Alluvium soil from inland rivers that connected| differential settlement). Protected Area
CruiseShip and concrete; offshore islands via a spit complex. Alluvium 1 (PPRPA).
Port 30m thick and comprised of peat clays, fine | Hurricanes, storms and storm surge

Bordered by the
Kingston
Harbour, 7th
largest natural
harbour in the
world.

Protected by
vegetation,
dunes and cays
in the praected
area.
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ZONES Cl History and Geology/Geological History Historicaland CurrentHazards Other
Current State Considerations
J2 | Portof Current port Soils are norengineered fill (2 power plants),| Earthquakes and threat of Protected by the
Kingston; design constructd| engineered fill (Refinery and ¥z Poft liquefaction & above. Palisados spit
OilRefinery; | from 1975; Kingston) located on theduanea Alluvial Far complex, shalloy
4 Power Refinery (2 power plants and %2 Port of Kingston). Fluvial flooding, subsidence from | cays below the
plants constructed 1964 groundwater extraction, hurricane| spit complex ang
2 power plants | Alluvium soil and engineered fill as above w| and tsunamis/seiche. shallow areas
over 40 years old| low permeability and transmissivity with an within the
and 2 constructed upper unconfined aquifer and a lower confin| No record of storm surge. harbour from
Ay G KS w|aquifer. deepwater
waves.
Buildings 2L7m | Static groundwater measured in 1996 is
above sea level. | average 2m bgl on alluvium.
J3 | Airport-SIA | Completed 1947.| Built on an engineered platform made of we| Threats: hurricane force winds, Locatedwithin

Elevation: 3I7m
asl.

Runway is asphal

Important for
tourism industry.

compacted marl on what used twe a large
mangrovelined lagoon. Below areonsolidate
soils comprising of marine calcareous sands
and silty sand upon a thick sequence of coa
reef platform.

Ground water typically 3 feet bgl.

A near vertical fault runs parallel to the airpg
andseparates the platform from the limestor
hills to the south that belong to the Montpelli
Formation (White Limestone Group).

storm surge, earthquakes and
flooding from storm events.

Coastal flooding and wind damag
from Hurricanes Allen (1980) and
Gilbert (1988).

Heavy rainfall normally induces
urban flooding (low lying and clos
to drain lines and wetlands).

The 1957 earthquake (magnitude
6.5) damaged buildings. Reclaime
land susceptible to liquefaction.

the Montego
Bay Marine
Park.

Lowest airport
in the
Caribbean.

Page |95



SOEE5050M Student ID201381450
ZONES Cl History and Geology/Geological History Historicaland CurrentHazards Other
Current State Considerations
J4 | LNG On land 23m asl. | Located on dredged and reclaimed land Minor subsidence has been
terminal, Oil | Cruise ship port | constructed in 1967. Reclaimed land is 3.7 | observed in the surrounding area.
terminal, constructed in thel million cubic meters of marine coralline rock
Montego Bayl Mm b1 n Qa @ | and sand dredged and used td (&nd Highwater table the sand layers
Cruise Ship | LNG terminal connect) several marove islands, marshlan( have a high probability of
Port commenced and peat. The soil is sandy/coralline in texty liqguefying during a major
operations in with little clay/loam content (very pervious | earthquake event.
2016. and has a low erosion potential).
High water table.
Potential underlying swamp and marsh
deposits are stiltelatively loose and
compressible and have a low bearing capac
J5 Power Plant | Conpleted 2003. | Quaternary Alluvium, typically interbedded | Susceptible to all hazards but no | Protected from
Upgraded for loose unconsolidated gravels, sand, clays al records found. the coast with a
LNG. organic matter (Plate-2). The bearing sewage
capacity varies from moderate (0.3MPa) to 4 treatment plant
low of (0.08MPa) especially where organic and mangroves.
materialis present.

SourcesMcclarthy (2019) Reports from the Airports Authority of Jamaica; Reports from Environmentdinifeports from the National
Environment and Planning Agency (NEPA); Reports from the Jamaica Public Service; Reports from the Port Authority bfiSKiDaica;

(2001)
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TableB-2: Description of eaclt.l.in St. Lucia by zone.
ZONES C.l. History and Current State Geology/Geological History Historicaland CurrentHazards
L1 | Airport Airport completed 1941. | Made Ground on top of potentially Control tower inundated during flooding in December
(HIA) Elevation: B10masl. coarse sand (Alluvial Beach Terrace) ¢ 2013. Deposition of silt debris continued more than 4
The runaway in HIA took| top of clay (lagoonal) for HIA week.
Port its present shape in the
Vieux 1950s and the river Nearbygroundwater measured at 1.7 Flash flood risknap shows airport is susceptible to
course around the airpor{ bgl. flooding from a 1:5 (154.0 mrB.25 hrs) and 1:20 (247
has changed since then. mm in 5.5 hrs) rainfall ent.
Soil map for Port Vieux indicates madg
ground atop basalt andesite Located in an area with low landslide riskt landslides
agglomerateduff. impacted connecting roads to and from the airport
during Hurricane Tomas
No experience of flooding due to storm surge but
classified as medium level threat of coastal flooding.
L2 | Airport Airport completed 1950. | Clay, agglomerates and silty ckjls Flooding at GFLCIA due to storm surge by Hurricane
(GFLCA); | Elevation: 513m asl. for oil terminal and power plant. Tomas (2010) and Hurricane Dean (2006). Inundatio
Castries (10-30cm) occurred at part of runaway and control
Port; Alluvial beach and terrace (GFLCIA) a towers. Sometimes smatiundation by heavy rainfall
Power Basalt agglomerate underlying the due to poor drainage.
plant; oil Castries brt.
terminal Approximately 2e25% of the airport is at risk of a 1:5
Agglomerate tuffs (oil terminal) and (154.0 mm-3.25 hrs) 01:10 (197.8 mm in 4.42 hrs)
andesite ash altered (power plant). rainfall event
Low risk of landslides from Susceptibility Map

SourcesGeological and soil aps of St. Luci&heCaribbean Handbook for Risk Information Management (CHARIM) DataldS&I;AD,

(2017¢)
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TableB-3: Description ofeach critical infrastructure in Barbados by zone.

ZONES C.L History and Current Geology/Geological History Historicaland CurrentHazards
State
B1 | Airport First paved runway | Thin friable dark brown saly CLAY. Overlying | Very low risk of landsles, coastal flooding
(GAIA) 1956; Runway: aspha| coral limestone located below the first high cliff| and riverine flooding
coral rock terracesoil rich in lime and
Elevation: 5667m asl. | phosphates. Located within proximity to mapped

Terrace overlies oceanic rock (sandstone, clay{ sinkholes as limestone is helkarstified.
and marls exposed in the normastern Scotland

District).
B2 | Bridgetown| Port commissioned Blackdark grey sandy CLAY. The clay is smect Risk from flash floodingtransfer through
Port, 1961; Power plants | (swelling) and formed from weathered coral an{ steep karsgullies from the second and first
2 Power commissioned 1967 | ash &ll overlying coral limestone. Contains 4% | high cliff in the Northeast, exacerbated by
plants, 1 oil| and 1990 organic content and low in soluble phosphates| undersized and blocked drains.
terminal
Elevation:1-9m asl. Port constructed on reclaimed land in 1966, Susceptible to a 1:16@ear storm events
1978and in 2002. storm surge.

All overly oceanic rock as above.
Sources: Geological and soil maps; Hazard maps for sinkholes aridg]datbrmation from Barbados Light and Power Comp&pged
et al.(2012; Nurse(2020)
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AppendixC. Relationship between RCPs and Global genatures

RCPs are based on radiative force values correspondin@itd.5, 6, and 8.5 W

respectively, tied to the concentration of carbon dioxide {CDable €1 projections for

RCPs with respect to emissions, temperature and SLR.

TableG1: Exphanation and estimated temperatures and sea level rise by 2100 using

RCPs with a baseline of 192005. (IPCC, 2013)

RCP Explanation and emissions| Global warming| Conversion to| Global SLR
Scenario] by 2100 by 2100 using other using range
range 20812100 temperature | 20812100
ranges
2.6 Strict measures, no emissiol  0.3-0.17°C For 0.26-0.55m
by 2100. C@equivalent (Avg. 1.60 reference (Avg.0.4m)
concentratian of 420 ppm period of
4.5 Median greenhouse gas 1.1-2.6°C 18501900 73519 63m
emissions. Geequivalent (Avg. 1.8) add 0.61 °C; (Avg. 0.47m
concentration of 540 ppm
6.0 | Median greenhouse gas 1.43.1°C For 0.330.63m
emissions. Geequivalent (Avg. 2.90 reference | (ayg.0.48m)
concentration of 660 ppm period
8.5 High greenhouse gas 2.6-4.8°C 198099 . 0.450.82m
emissions. Geequivalent (Avg. 3.70 add 0.1 °C. (Avg. 0.63m
concentration of 940 ppm
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AppendixD: Two temperature change projections developed using the full CMIP5

ensemble forCaribbean climate change projections

Temperature change Caribbean (land and sea) Jan-Dec wrt 1981-2010 full CMIP5 ensemble

5 T T 5
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Temperature change Caribbean (land and sea) Jan-Dec wrt 1986-2015 full CMIP5 ensemble
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full CMP5 ensemble on frorKNMI Climate Change AtlaBiagrams show that the

projections vary based on which time periodsslected.
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Appendix E: Risk Matrix for the Impact of SLR Scenarios on G.A. of Selected Islands

E1: Risk folG.A.Jamaica at SLR scenaraf 1.3C and 2.6C.

Zones C.l. SLR at 1.5C SLR at 2.0C
No. Type Type of Potential Impact Prob- Conse- Risk | Type of G.A. Description Prob- Conse- Risk
G.A. ability guence impacted ability guence
impacted
Sea defense breached but Approx. 50% of the airfield and some
Airport runway not affected. other facilities inundated. Increase in
(F&G, Em Increased scour, erosion ang scour, erosion, infiltration and slope
i 2 Pv) F&G; Em |water infiltration F&G, Em, Pyinstability. High | Very Hig
Seaport
(F&G)
Parts of the port are
inundated; will affect slope . Approx. 30% inundated; increased Med-
Seaport stability. Increased erosion e erosion, scour, overtopping and slope Medium- [ High
(F&G; Em] F&G; Em |and scour F&G; Em [instability High High
12 6 Part of the refinery breached and one
part inundated; 2 power plants
inundated. Increased erosion and scoy
5 Energy saltwater intrusion and chemical attack
Facilities Nearby sea defences not on foundations. Stability of non- Medium- | Medium-
(F&G; Fdn breached Low | Very Low F&G; Fdn |engineered fill at risk High High
Completely inundated. Increased pore
Airport (Pv] Pv; F&G; pressures in subgrade, increased
J3 1 | F&G; Em) Em Airport fully inundated High | Very High Pv; F&G; Emerosion, scour, slope stability issues High | Very Hig
Seaport Completely inundated. Increased
(F&G; Em] F&G; Em [Mostly inundated High | Very High F&G; Em [erosion, scour, slope stability issues High | Very Hig
14 3 Not inundated but adjacent Completely inundated. Increased
2 Energy port is. Increased erosion an Medium erosion, scour, slope stability issues,
Facilities scour of sea walls. Potential Low- potential for contamination if not
(F&G; Em Em for infiltration. High Medium F&G; Em [moved. High | Very Hig
Energy
Facility
J5 1 (Fdn) Not inundated. Not inundated.
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E2: Risk foilG.A.Jamaica at SLR scenario8.6fC.

Zones C.l. SLR at 3.0C
No. Type Type of Description Probability | Consequeng Risk
G.A. e
impacted
Airport (F&G, F&IC;;/Em,
J1 2 Em, Pv) Completely inundated and cut off from the mainlang High Very High
Seaport (F&E) F&G |Completely inundated and cut off from the mainlang High Very High
Seaport (F&G
Em) Fdn; Em |[Completely inundated High Very High
32 6 Approx. 50 % of the refinery inundated - Fdn subjeq
5 Energy to chemical attack; 2 power plants completely
Facilities (F&(Q inundated. Increased erosion and scour, saltwater
Fdn) F&G; Fdn|intrusion and chemical attack on foundations. High Very High
Completely inundated. Increased pore pressures irj
Airport (Pv; | Pv; F&G; |subgrade, increased erosion, scour, slope stability
J3 1 F&G; Em) Em issues High Very High
Seaport (F&G Completely inundated. Increased erosion, scour,
Em) F&G; Em|slope stability issues High Very High
J4 3 2 Energy Completely inundated. Increased erosion, scour,
Facilities (F&(Q slope stability issues, potential for contamination if
Em) F&G; Em|not moved. High Very High
Energy Facilit
Very Low
J5 1 (Fdn) Not inundated. ey Lo
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Zones C.l SLR at 1.5C SLR at 2.0C
Type of
No.| Type G.A. Potential Impact Prob- Conse- | gy |Type of G.A Description Prob- Conse-| o,
. ability  quence impacted ability quence
impacted
Airport: Coastline breached but pavement not
affected. There may be saltwater intrusion. Wave
action and erosion probably increased. For the
Very Lowf seaport around 10% of the loading and unloading Medium
Airport area was breached and is inundated. The cargo
(PV, F&G) terminal appears to be safe. Increased load on pal
Seaport Potential erosion of the beach and raised are| Very of the F&G. Potential to introduce protection/move Low-
L1 2 | (F&G; Em in front of the airport Low | Very Low F&G & Em|inland High | Medium
Sea defences breached and a small part of the
Very Lowj southwest is inundated. Pore pressures, Med-HigH
Airport (Pv Potential increase in erosion but not near the overtopping and erosion may increase and affect
F&G airport Low | Very Low F&G |the subgrade nearby High | Medium
Water breaches a small part (~5%) of the crul Over 50% of the container terminal is inundated b|
L2 4 and container terminals. Potential increase ir| Med-Higf about 10% of the cruise terminal is inundated.
Seaport infiltration, pore pressures, erosion, toe Greater potential for increase in infiltration, pore
(Em; F&G)] Em:; F&G |instability and scour. High | Medium Em; F&G |pressures, toe instability, erosion and scour. High [Med-Hig
Potential increase in erosion at the coastline
2 Energy but facilities at a higher elevation. Potential fq Very Low el
Facilities saltwater intrusion and chemical attack but Low- - Low Low-
(Fdn) unknown. Medium| Very Low Same as at 1%. Medium | Very Low
Increased erosion of the coast but far from th|
airport and the high elevation of the airport
(52m) prevents the pavement from being Very Vs e Very Low
Bl 1 |Airport (Pv affected. Low | Very Low Same as at 1. Very Low Very Lo
Approx. 10% of seaport terminal inundated. Approx. 20% of seaport terminal and pier
Seaport Overtopping Em; increased scour and erosiol Low- |Medium inundated. Increased pore pressures, erosion,
B2 4 | (Em; F&G] Em; F&G |and pore pressures. Can affect slope stability High | Medium Em; F&G |scour; can affect slope stability High High
3 Energy
Facilities Potential infiltration of seawater but not near | Very Very Low Very Lo
(Fdn) the plants from visual observation Low | Very Low Same as at 1. Very Loy Low
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E4: Risk foiG.A.St. Lucia and Barbados at SLR scenarios %¢.3.0

Zones C.l SLR at 3.0C
Type of
No. Type G.A. Description Probability Conse- Risk
. guence
impacted
Approx. over 50% of the cargo terminal is inundated.
Airport (PV, Increased load from sea water. Potential groundwater
F&G), intrusion that may affect foundations of port buildings
Seaport | Pv, F&G,|located further inland. Potential for cargo terminal to be
L1 2 (F&G; Em) Em |moved High High
Airport (Pv;
F&G Pv; F&G |Approx. 50% of the runway is inundated High High
All container facilities inundated. Only 30% of the cruise|
L2 4 Seaport terminal is inundated. High increase of infiltration, toe
(Em; F&G) | Em; F&G|instability, erosion and scour. High Very High
2 Energy
Facilities Low- Very Low
(Fdn) Same as at 1%. Medium | Very Low
B1 1 | Airport (Pv) Same as at 1%€. Very Low| Very Low | Very Low
Seaport (Em Completely Inundated. Pore pressures increase. Potent
F&G) Em; F&G|increase in erosion and scour; can affect slope stability. High Very High
B2 4 3 Energy Water nearby but most C.I. not touched; 1 power plant Low-
Facilities inundated. Will need to be moved. Potential damage to Medium- | Medium
(Fdn) Fdn |foundations Low High
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Appendix F: ConventiahPlans to mitigate SLR

Current conventional plans for coastalfrastructure inresponseto C.C, namely SLR,
include using climate projections to construct higher land, increasing veais scenario
events designed, building protective sea walls, idtroing better and higher capacity
drainage systems and construgj physical barrierfAgravante, 2019)Even though these
solutions would utilize climat@rojections, they are still based on using the features of
conventional designSome of thesesolutionshave also already been introduced in the

CaribbeanImplementationof theseplansinclude:

1. Constructing higher land/raising embankmentse.g. Jamaicahere the inroad to
the N.M.I.A. was raised from GBn to 4mand added 3.7km "revetments"
boulders and barricades to protect the raised raela response storngamage
2004 to 2007 Thiswas to protect the airport as well as C.I. within Zones J1 2nd J
(CL Environmental Co. Ltd., 2014)

2. Increasing WorsiCase Scenario Design Lives.g. Norway where the minimum
acceptable saty standard for coastal flooding is a 1 in 10,8@@r event unlike the
normally usedl in 5@year or 1 in 10§/ear event§Anon, 2020)

3. Building Protective Sea Wallse.g. San Francisco International Airport in 2019
where a protective seawall and interlocking steel sheet piles to accoratai&lifeet
of sea level rise, plus another tvieet for storm waves.

4. Introducing Better and Higher Capacity Drainage Systend Constructing
physical barriers; S ®@3d { Ay A LI2NB QA / KFy3IA ! ANLR NI
upgraded. Levees, tidahtes, holding ponds and pumping stations wélused as
barriers as well as raising the road level surrounding the airport to act as a levee for
district level flood protection, and act as a fixed flood bar(#&irports Council

International, 2018)

These four methodws/ould utilise and/or impact all the types of G.A. mentioned andld
be useful in addressing the-ask areasHowever, the feasibilityis questionable in the
Caribbean context. Firxall solutions would be very expensive for Caribbean economies and

would most likely require external funding. Additionally, using the listing of additional
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considerations in Section 4.7 their feasibilityyrze limited.The Table below compiles the

possble application and suitability of these plans.

Table: Potential application of current methods for C.I. and G.A. investigated.

Recommended :
Conventional Where Where it Where it possibly

: possiblyNOT  possibly
measures to design NEEDED COULD WOFR COULD NOT WORK

for SLR
Construct Higher Land | At 1.5°C- Potentiallyatft 2 i Sy G At t& 4 W
Nearly all all seaport engineered fill overly organic mater
zones except terminals with some indicéon of subsidence

J3J4 and with medium | recorded at J4. As J3 was reclaime
the Seaport | or higher risk| wetland there ighe potential of

at J2. and at organic material the foundatiosoil.
airports in - |AIl within and underground

At 2.0°C- zones L1 and structures e.g. drainage, foundation

Most C.lin L2 etc. would have to be redesigned.

Zones L1, L2 1J2 and B3 is located withiagital

B1 and B2 cities and any changes may have tc

except be implemented for the entire city.
Increasing WorsCase | S€aports For the expansion/upgrading of all C.1. and their G

Scenarios in the design @nd Zone J5

This will be dictated by policgost, technical
feasibility andnformation available to determine

what event can be designed.

Building Protective Sea For all facilities with Mediunrtligh riskin Table.
Walls However, as all islands are surrounded by the sea
feasibility of this may not be practical in thengterm
and may have a negative impact on the natural
environment

Introducing Better and For all mediunor higher risk facilities though cost
Higher Capacity and practicality will determine feasibility
Drainage Systems Information is needed othe current and expected

capacity to and maintenance of the drains are
important for its functioning.

Constructing Physical For all medum or higher risk facilities though cost
Barriers and practicality will determine feasibilityhe
physicabarrier may also have an impact on the
surrounding coastline and ecosystem and may be
problematic for Zones 34 which are in Marine
Protected Areas.
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