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Abstract

The United States Army Corps of Engineers (USACE) is scheduled to present their solution for a storm
surgebarrier onGalveston Island in2021 tocongress forapproval. Asolution foranengineereddunesys-
temon theGalveston IslandWest End has been proposed, but storm surgemodels have shown that pro-
tection from this engineeredduneonly goes so far,moreover the search for aproper alternative that fulfills
technical requirementsandsocialpolitical influenceshaveproventobechallenging. Thisstudyaimstoas-
sessdifferentdunealternatives,proposed indifferent reports,witharangeofmultidisciplinarycriteria. The
assessment of dune alternatives will also result in guidelines that should be considered for design, main-
tenanceandgovernanceaspects foranengineereddunebarrieronGalveston Island. Usingamultidiscip-
linary approach for the evaluation of the different dune alternatives, the following research question was
formulated: Towhatextentdothevariousdunealternativesfit therequirementsforalandbarrierattheWest
EndofGalveston Island, lookingat both technical and sociopolitical aspects? In this context, technical re-
quirementsaredefinedasthestormsurge-andrainfallcopingcapacitiesof thedune, i.e. againstwhatkind
of storm is thedune resistant. Social political influencesareacombinationof theperceptionby local resid-
ents thataredirectly influencedby theconstructionofadunesystem,governmental formsofcollaboration,
and in provide an analysis of themaintainability of the dune alternatives using the storm surge capacities.

The different dune alternatives that have been assessed consist of the dune system proposed by the
USACE and GLO (2018), the big dune system proposed by Galvez (2019) and the hybrid dune system
as proposed by Muller (2017) and will hereafter be called alternative 1, 2 and 3 respectively. In this re-
port a fourth alternative was introduced which is based on the hybrid dune system by Muller (2017) and
consists of a clay core instead of a concrete core. Alternative 4 was chosen in order to simulate the dif-
ference between a concrete core and a clay core. Based onXBeach calculations, the storm surge coping
capability of each dune was determined by projecting 10 year-, 50 year- and 100 year storms onto the
dune alternatives. ArcGIS maps from the Galveston Island allowed for projection of flow patterns on the
island in order to determine the rainfall coping capacity. Anevaluationof sociopolitical aspectswasbased
on a review of the literature on dune systems, forms of collaboration between governmental and private
entities, and interviewswith various respondents consisting of private individuals and companies, aswell
as governmental agencies involved in the process. Analysis of the various dune alternatives, based on
multidisciplinary criteria, demonstrated that alternative 1 is completely flattened in 50 year storm events,
whereas alternatives 2, 3 and 4 show a good storm surge capacity. All alternatives aggravate the current
rainfall capacityatGalveston IslandWestEnd,becauseeachdunesystemposesanobstruction that isnot
there currently. Alternatives 2 through 4 show a good enough storm resilience, requiring post-storm re-
coverymaintenancewhile still providinga reducedbut fair stormsurgecapacity. Thesociopolitical results
indicate that Galveston IslandWest End residents wishes are only safeguarded for alternative 1.

Onthisbasis, themainrecommendationsaretoperformtestsuponthedunesystemalternativesregarding
storm events occurring in succession, which is not unusual in theGulf ofMexico. A combination of along-
shore erosion rates from the Galveston Island and the effect of dune vegetation should be determined
for the dune alternatives, since these aspects were not considered in this research. Further research is
needed to identify the combinedeffects of rainfall and stormsurge in order to get insights into theperform-
ances of a certain alternatives. Furthermore, the exact role including the desired storm surge capability
should be well defined in order to determine which stakeholder wishes and influences are to be fully con-
sidered for the dune systemdesign.

iv



Contents

List of Figures x

List of Tables xii

Acronyms xiv

Conversion table of units xvi

I Introduction and analysis 1

1 Introduction 2

2 Area and problem analysis 4
2.1 Geography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 GalvestonBay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.2 Galveston Island . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.3 Galveston Island -West End . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.4 Elevation of Galveston Island. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Galveston and its history of hurricanes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Hurricanes and tropical storms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3.1 Climate change and relative sea level rise . . . . . . . . . . . . . . . . . . . . . . . 7
2.4 Project scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3 Dunes 9
3.1 Dune types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.2 Dune composition and functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.3 Hybrid dunes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.4 The alternatives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.4.1 The 0-option. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.4.2 Alternative 1: Twin dune systemproposed by theUSACE. . . . . . . . . . . . . . . 10
3.4.3 Alternative 2: Single dune proposed by LuisGalvez . . . . . . . . . . . . . . . . . . 11
3.4.4 Alternative 3: Hybrid dunewith concrete core . . . . . . . . . . . . . . . . . . . . . 11
3.4.5 Alternative 4: Hybrid dunewith clay core . . . . . . . . . . . . . . . . . . . . . . . . 11

3.5 Summary alternative characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

4 Analysis 14
4.1 Analysis hydrodynamic processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4.2 Sediment analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.2.1 Sedimentmanagement inGalveston Bay . . . . . . . . . . . . . . . . . . . . . . . 15
4.2.2 Coastline development at Galveston Island . . . . . . . . . . . . . . . . . . . . . . 15

4.3 Hydrological analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.3.1 Hydrological issues and potential effects of a land barrier . . . . . . . . . . . . . . . 16
4.3.2 Runoff analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.4 Sociopolitical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.4.1 Demography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.4.2 Economy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.4.3 Stakeholder analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.4.4 Forms of governance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

v



CONTENTS vi

II Methodology and results 22

5 Multicriteria analysis 23
5.1 Rating system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5.2 Outline of the scoring table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5.3 Criteria of theMCA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5.3.1 Storm surge coping capability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.3.2 Stormwater drainage impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.3.3 Maintainability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.3.4 Sociopolitical acceptability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.4 Absence of weight factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

6 Results 26
6.1 General results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

6.1.1 Storm surge coping capability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
6.1.2 Stormwater drainage impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
6.1.3 Maintainability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
6.1.4 Sociopolitical acceptability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

III Discussion, conclusion and recommendations 28

7 Discussion 29
7.1 General interpretation results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
7.2 General limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

8 Conclusion 32

9 Recommendations 35

Bibliography 36

A Reference projects 42
A.1 Hondsbossche Zeewering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
A.2 Room for theRiver programme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
A.3 I-STORM, International Network of StormSurgeBarrier . . . . . . . . . . . . . . . . . . . 42
A.4 Louisiana‘s ComprehensiveMaster Plan for a SustainableCoast. . . . . . . . . . . . . . . 43

A.4.1 Importance of coastal protection & restoration . . . . . . . . . . . . . . . . . . . . . 43
A.4.2 Innovation in research and planning . . . . . . . . . . . . . . . . . . . . . . . . . . 43

A.5 Dune infiltration system in Kure Beach, North Carolina . . . . . . . . . . . . . . . . . . . . 44
A.5.1 Function. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
A.5.2 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
A.5.3 Cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

B Hydrodynamic processes 46
B.1 Short wave processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

B.1.1 Wave energy and radiation stress . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
B.1.2 Wave set-down and set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
B.1.3 Wave energy dissipation - wave breaking . . . . . . . . . . . . . . . . . . . . . . . 47
B.1.4 Shoaling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

B.2 Longwave processes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
B.3 Wave overtopping, overwash& inundation. . . . . . . . . . . . . . . . . . . . . . . . . . . 50
B.4 Bed load and sediment transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
B.5 Avalanching. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
B.6 Stability of waves, protectionwithout sand cover. . . . . . . . . . . . . . . . . . . . . . . . 53
B.7 Analytical approachwave overtopping and stability of waves . . . . . . . . . . . . . . . . . 54

B.7.1 Iribarren numbers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
B.7.2 Wave overtopping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
B.7.3 Stability of waves, hybrid dunes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56



CONTENTS vii

C Hydrologic analysis 57
C.1 Hydrological processes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

C.1.1 Climate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
C.1.2 Thewater balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
C.1.3 Precipitation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
C.1.4 Evaporation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
C.1.5 Infiltration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
C.1.6 Runoff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

C.2 Stormwater at theWest End . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
C.2.1 Drainage related problems at theWest End . . . . . . . . . . . . . . . . . . . . . . 61
C.2.2 Stormwater runoff quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
C.2.3 Consequences of a dune system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

C.3 TheModifiedRationalMethod . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
C.3.1 Contributing catchment area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
C.3.2 Runoff coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
C.3.3 Precipitation depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
C.3.4 Generated volumes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

C.4 Potential measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
C.4.1 Evaluation ofmitigationmeasures . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

D Five cross sections on Galveston IslandWest End 70
D.1 Average broadening of current dunemorphology . . . . . . . . . . . . . . . . . . . . . . . 70
D.2 Locations of cross sections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
D.3 Cross section A: Kahala Beach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
D.4 Cross section B: Jamaica Beach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
D.5 Cross sectionC: PalmBeach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
D.6 Cross sectionD: Pirate Beach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
D.7 Cross section E: Sunbather Ln.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

E Neighborhood demographics 75
E.1 Property values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
E.2 Origin property owners . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
E.3 Risk score . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
E.4 Summation of values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

F Stakeholder identification and response 77
F.1 Stakeholder identification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
F.2 Stakeholder responses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

G Forms of governance 81
G.1 Formof governance in theNetherlands . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
G.2 Formof governance in theUSA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

G.2.1 Funding of Flood defense projects . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
G.2.2 National Flood InsuranceProgram . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

G.3 Advice on governance strategy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

H Method: Storm surge coping capability 88
H.1 Erosion rate during normative event . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

H.1.1 Application of XBeach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
H.1.2 Input parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
H.1.3 Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
H.1.4 Output parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

H.2 Wave overtopping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
H.2.1 Input parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
H.2.2 Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
H.2.3 Output parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99



CONTENTS viii

I Method: Stormwater drainage impact 100
I.1 Obstructive impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .100

I.1.1 Input. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .100
I.1.2 Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .100
I.1.3 Output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .102

I.2 Quality impact. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .102
I.2.1 Input. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .103
I.2.2 Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .103
I.2.3 Output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .103

J Method: Maintainability 104
J.1 Maintenance approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .104

K Method: Sociopolitical acceptability 105
K.1 Sociopolitical acceptability assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . .105
K.2 Fitting of the dune . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .105

K.2.1 Input parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .105
K.2.2 Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .105
K.2.3 Output parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .106

K.3 Effect on the line of sight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .106
K.3.1 Input parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .106
K.3.2 Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .106
K.3.3 Output parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .106

K.4 Accessibility. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .106
K.4.1 Input parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .106
K.4.2 Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .107
K.4.3 Output parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .107

L Validation XBeach model 108
L.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .108

L.1.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .109
L.1.2 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .109

M SwanOne 111

N Texas Beach Accessibility Guide, dune walkovers 113
N.1 Dunewalkovers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .115

O Results 117
O.1 Storm surge coping capability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .117

O.1.1 Results 10 year storm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .117
O.1.2 Results 50 year storm, short duration. . . . . . . . . . . . . . . . . . . . . . . . . .119
O.1.3 Results 50 year storm,mediumduration . . . . . . . . . . . . . . . . . . . . . . . .120
O.1.4 Results 50 year storm, long duration . . . . . . . . . . . . . . . . . . . . . . . . . .121
O.1.5 Results 100 year storm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .122
O.1.6 Results erosion events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .122
O.1.7 Results overtopping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .123

O.2 Stormwater drainage impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .123
O.2.1 Quantitative impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .123
O.2.2 Quality impact. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .124

O.3 Maintainability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .124
O.3.1 Post-storm dune recovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .124
O.3.2 Regularmaintenance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .126
O.3.3 Maintenance approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .127

O.4 Sociopolitical acceptability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .127
O.4.1 Fitting of the dune . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .127
O.4.2 Effect on the line of sight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .128
O.4.3 Accessibility. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .128



CONTENTS ix

P Limitations per criterion 130
P.1 Limitations ‘Storm surge coping capability’ . . . . . . . . . . . . . . . . . . . . . . . . . . .130
P.2 Limitations ‘Stormwater drainage impact’ . . . . . . . . . . . . . . . . . . . . . . . . . . .130
P.3 Limitations ‘Sociopolitical acceptability’ and ‘Maintainability’ . . . . . . . . . . . . . . . . .131



List of Figures

1.1 Galveston Island in the scope of theGulf ofMexico. . . . . . . . . . . . . . . . . . . . . . 2

2.1 Elevation levels of Galveston Island, relative to MSL. (United States Geological Survey,
2019)(United StatesGeological Survey, 2018). . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Proposal of the combined coastal spine. . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3.1 Beach profile at Galveston IslandWest End (Morton andPaine, 1985). . . . . . . . . . . . 10
3.2 The different alternatives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4.1 Separation of velocities based on timescale, fromdeSchipper (2019). . . . . . . . . . . . 14
4.2 Shoreline trendsWest EndGalveston Island, (Bureau of EconomicGeology , 2019) . . . . 16
4.3 Contributing areas that generate runoff volumes and drain towards theGulf . . . . . . . . 18
4.4 StakeholdermapGalveston Island. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

B.1 Breaker types and corresponding Iribarren numbers, edited fromFleit (2015). . . . . . . . 48
B.2 Amplitude change near shore, edited fromdeSchipper (2019). . . . . . . . . . . . . . . . 50
B.3 Shields curve, edited fromRye et al. (2006). . . . . . . . . . . . . . . . . . . . . . . . . . 52
B.4 Bed load versus suspended load, fromCoastalWiki (2020). . . . . . . . . . . . . . . . . . 52
B.5 Failure nodes avalanching , showing shear- and beam-type failure mechanisms Erikson

et al. (2007). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

C.1 Monthly precipitation depths in inches andminimum andmaximum temperatures in °F for
Galveston Island (U.S. ClimateData, 2020) . . . . . . . . . . . . . . . . . . . . . . . . . . 57

C.2 Depth-duration-frequency curves (top) and intensity-duration-frequency curves (bottom)
for Galveston Island (NOAAAtlas 14, 2014). . . . . . . . . . . . . . . . . . . . . . . . . . 59

C.3 Geology of theGalvestonCounty (Crenwelge et al., 1988). . . . . . . . . . . . . . . . . . 60
C.4 Detail of streamordermap, with allocated outlet points. . . . . . . . . . . . . . . . . . . . 63
C.5 Catchment areas 1 and 2, their respective outlets P1 andP2, and the streamnetwork. . . . 63
C.6 Catchment areas 1 and 2 and their land use based onMRLCConsortium (2011). . . . . . 65
C.7 Examples ofmitigationmeasures to copewith high ponding volumes . . . . . . . . . . . . 67
C.8 Examples of seepagemeasures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

D.1 Locations of cross sections onGalveston IslandWest End. . . . . . . . . . . . . . . . . . 71
D.2 Cross section A: Kahala Beach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
D.3 Cross section B: Jamaica Beach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
D.4 Cross sectionC: PalmBeach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
D.5 Cross sectionD: Pirate Beach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
D.6 Cross section E: Sunbather Ln. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

G.1 The typical organization of a PPP contract (own illustration). . . . . . . . . . . . . . . . . . 82
G.2 TheintegratedapproachofRWStomanageregionalplans, legislationandProjectdecision

implementation (own illustration). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
G.3 Total federal funding by FEMA‘s grant programs. . . . . . . . . . . . . . . . . . . . . . . . 84
G.4 Relationship between BFE, still water elevations, flood hazard zones and wave effects

(L.Tanner et al., 2013). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
G.5 In Zone V, elevation of residential structures to the BFE is required. The Mitigation As-

sessmentTeam(MAT) recommendselevationhigher, or adding freeboard (L.Tanner et al.,
2013). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

x



LISTOFFIGURES xi

H.1 Location of cross-shore profile, fromGoogle (2020). . . . . . . . . . . . . . . . . . . . . . 89
H.2 Cross sections of the alternatives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
H.3 Tidal data at location pleasure pier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
H.4 Storm surge for 10 year storm probability of exceedance. . . . . . . . . . . . . . . . . . . 92
H.5 The storm surge profiles of 50 year storm probability of exceedance for different durations. 92
H.6 Storm surge for 100 year storm probability of exceedance. . . . . . . . . . . . . . . . . . . 93
H.7 Wave height for 10 year storm probability of exceedance. . . . . . . . . . . . . . . . . . . 93
H.8 Thewave height profiles of 50 year storm probability of exceedance for different durations. 94
H.9 Wave height for 100 year storm probability of exceedance. . . . . . . . . . . . . . . . . . 94
H.10 Peakwave periods for different types of storm . . . . . . . . . . . . . . . . . . . . . . . . 94
H.11 Input file params.txt (1/3). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
H.12 Input file params.txt (2/3). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
H.13 Input file params.txt (3/3). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

I.1 Schematic overview of a drainage outlet before and after closure, observed from the beach. 100

L.1 Location of transects for validation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
L.2 Validation cross sections A, B&C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
L.3 Validation accuracy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

M.1 Bathymetry ranging up from the offshore SwanOne boundary up to Kahala Beach. . . . . 111

N.1 Schematic design of a dunewalkover (L.Tanner et al., 2013). . . . . . . . . . . . . . . . . 114
N.2 The locations of dunewalkovers onGalveston IslandWest End (own illustration). . . . . . 115
N.3 Front side of aDunewalkover onGalveston IslandWest End at Kahala Beach. . . . . . . 116

O.1 Behavior of different alternatives under 10 year storm conditions. . . . . . . . . . . . . . . 118
O.2 Behaviour of different alternatives under 50 year storm conditions (short duration). . . . . 119
O.3 Behaviour of different alternatives under 1/50 year per year stormconditions (mediumdur-

ation). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
O.4 Behaviour of different alternatives under 50 year storm conditions (long duration). . . . . . 121
O.5 Behaviour of different alternatives under 100 year storm conditions. . . . . . . . . . . . . 122



List of Tables

3.1 Characteristics of the different dune alternatives . . . . . . . . . . . . . . . . . . . . . . . 12

4.1 Catchment areas and runoff coefficients for the areas draining towards theGulf. . . . . . . 17

5.1 Scoring table of the final results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

6.1 Scoring table of the final results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

B.1 Slopes of the different dune alternatives. . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
B.2 Crest heights for the different options and probabilities. . . . . . . . . . . . . . . . . . . . 55
B.3 Overtopping rates in 𝑙/𝑠/𝑚width per probability. . . . . . . . . . . . . . . . . . . . . . . . 55
B.4 Input parameters stability waves concrete core. . . . . . . . . . . . . . . . . . . . . . . . 56
B.5 Critical significant wave height for the concrete and clay core. . . . . . . . . . . . . . . . . 56

C.1 Runoff coefficients used byCity of Galveston (n.d.), based on land use. . . . . . . . . . . . 64
C.2 Land uses, runoff coefficients used in this research, and percentages of the total area. . . 64
C.3 Rainfall depths inmm for 24 hour duration and various return periods. . . . . . . . . . . . 66
C.4 Potential mitigationmeasures and their impact on different criteria. . . . . . . . . . . . . . 68

D.1 Broadening of coastal line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
D.2 Location coordinates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

E.1 Origin property owners. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
E.2 Specific HazardRisks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
E.3 Demographic data per cross section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

H.1 Design storms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

I.1 Hydraulic conductivity ranges for differentmaterials (Bakker, 2018). . . . . . . . . . . . . 102

L.1 Skill results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

M.1 Overview of the boundary conditions of the SwanOnemodel. . . . . . . . . . . . . . . . . 112

O.1 Results 10 year storm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
O.2 Results 50 year storm, short duration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
O.3 Results 50 year storm,mediumduration . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
O.4 Results 50 year storm, long duration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
O.5 Results 100 year storm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
O.6 Results for erosion during normative event. . . . . . . . . . . . . . . . . . . . . . . . . . . 122
O.7 Results for wave overtopping capability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
O.8 Result for stormwater drainage impact parameter ’Obstructive impact’. . . . . . . . . . . . 123
O.9 Results for P2, demonstrating𝑄፝፮፧፞ in𝑚ኽ/𝑠 (𝑄፨፮፭፥፞፭ in𝑚ኽ/𝑠 for the 0-option). . . . . . . . 123
O.10Results for the 0-option. 𝑉፩፨፧፝ in𝑚ኽ,𝑄፞ፚ፡ in𝑚ኽ/𝑠. . . . . . . . . . . . . . . . . . . . . . 123
O.11 Results for alt. 1, 2, 3 and 4. They are all similar. 𝑉፩፨፧፝ in𝑚ኽ,𝑄፞ፚ፡ in𝑚ኽ/𝑠. . . . . . . . . 124
O.12Results for stormwater drainage impact parameter ’Quality impact’. . . . . . . . . . . . . . 124
O.13Post-storm state. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
O.14Results formaintainability parameterMaintenanceApproach. . . . . . . . . . . . . . . . 127
O.15Results for sociopolitical acceptance parameter Fitting of the dune. . . . . . . . . . . . . . 128
O.16Results for sociopolitical acceptance parameter Effect on the line of sight. . . . . . . . . . 128

xii



LISTOFTABLES xiii

O.17Results for sociopolitical acceptance parameter Accessibility. . . . . . . . . . . . . . . . . 129



Acronyms

BEG Bureau of EconomicGeology
BFE Base FloodElevation

CBRA Coastal Barrier Resources Act
CPRA Coastal Protection andRestoration Authority

DDF Depth-Duration-Frequency
DEMs Digital ElevationModels

EEHDA East EndHistorical District Association

FEMA Federal EmergencyManagement Agency
FIRM Flood InsuranceRateMap

GAIN GalvestonAssociation of IslandNeighborhoods
GCCPRD Gulf Coast Community Protection &RecoveryDistrict
GFDC Galveston FloodDefenseCoalition
GLO General LandOffice

H-GAC Houston –Galveston AreaCouncil’s

IDF Intensity-Duration-Frequency

LiDAR Light Detection AndRanging

MAT Mitigation Assessment Team
MCA multicriteria analysis
MRM ModifiedRationalMethod
MSL MeanSea Level

NFIP National Flood InsuranceProgram
NOAA National Oceanic andAtmospheric Administration

PPP Public Private Partnership

RFMC Regional FloodManagement Council
RLSR relative sea level rise
RSLR Relative Sea Level Rise
RWS Rijkswaterstaat

SFHA Special FloodHazard Areas

TAMUG TexasA&MUniversity at Galveston
TAS TexasAccessibility Standards
TCEQ TexasCommission onEnvironmental Quality
TDLR TexasDepartment of Licensing andRegulating
TFMA Texas FloodplainManagement Association
TUDelft Delft University of Technology

xiv



Acronyms xv

USA United States of America
USACE United States ArmyCorps of Engineers
USEPA USEnvironmental Protection Agency
UTMB University of Texas for theMedical Branch

WGIPOA WestGalveston IslandPropertyOwners Association
WWAO Werkwijzer AanlegOnderhoud



Conversion table of units

SI - unit Conversion toUnited state customary unit
Length 𝑐𝑚 0.394𝑖𝑛

𝑚 1.094𝑦𝑑
𝑘𝑚 0.621𝑚𝑖

Area 𝑐𝑚ኼ 0.155𝑖𝑛ኼ
𝑚ኼ 1.196𝑦𝑑ኼ
𝑘𝑚ኼ 0.386𝑚𝑖ኼ

Volume 𝑐𝑚ኽ 0.061𝑖𝑛ኽ
𝑚ኽ 1.309𝑦𝑑ኽ
𝐿𝑖𝑡𝑒𝑟𝑠 0.264 𝐺𝑎𝑙𝑙𝑜𝑛

Pressure 𝑘𝑃𝑎 0.145𝑝𝑠𝑖

xvi



I
Introduction and analysis

1



1
Introduction

The coasts of the Gulf of Mexico have been ravaged by hurricanes for a long time. In Texas, the Island
of Galveston (Figure 1.1) acts as a natural barrier against these brute forces of nature, providing cover
for the Galveston Bay area, home to the largest petrochemical complex of the United States of Amer-
ica (USA) (Dyck, 2017). During Hurricane Ike in 2008 it became evident that the coping mechanisms
against hurricanes and the storm surges that accompany themwere insufficient. However, no additional
measures have been taken. Plans have been created by professors and engineers tomitigate hurricane
consequences, of whomDr. W.J.Merrell, professor at TexasA&MUniversity atGalveston (TAMUG), has
been pushing to create the coastal spine, a combination of flood protection measures for the Galveston
Bay Area and the barrier island itself. Several multidisciplinary studies have been conducted on varying
aspects of this barrier system, and the United States ArmyCorps of Engineers (USACE) has proposed a
tripartite plan to fulfill this need (USACEandGLO, 2018). Part of this proposal is a land barrier in the form
of a dune system ranging from theCity of Galveston up to theWest End of the island, see Figure 1.1.

At themoment, the plan is in a time consuming preliminary design stage, open for response by the public.
Previous researcherson theproposeddunesystemmainly focusedon theprotectionagainststormsurge,
amongwhomareMulleretal. (2018)andGalvez (2019). Although this is theprimary functionof thebarrier,
its protective value is only used occasionally. Other processes such as rainfall, maintainability and public
opinion should all be taken into account in order to come up with an inclusive, acceptable, and feasible
design,keepinginmindthatprotectingtheunderlyinglandshouldbeitsmainfunction. Thereforeamorein-
tegralapproach isbeneficial. Inaddition, aclearevaluationof thedifferentavailablealternatives isabsent.

Figure 1.1: Galveston Island in the scope of the Gulf of Mexico.
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Theobjective of this report is to evaluate four engineereddunealternatives in amultidisciplinaryway. The
purpose is topresent recommendations for thedesign,maintenanceandgovernanceof thedunesystem.
TheresearchisfocusedontheproposeddunesystemontheGalvestonIslandWestEnd. Thedunesystem
is part of the “ “Coastal Texas Study”, which calls for coastal storm resiliency measures to include surge
gates,vertical liftgates, ringbarrier,heightextensionoftheseawallaswellasbeachanddunemeasuresfor
theentireGalvestonBayarea. This research focuseson thebeachanddunemeasuresof this plan for the
West End ofGalveston Island. The following research questionwas developed to achieve this objective:

To what extent do the various dune alternatives fit the requirements for a land barrier at the West End of
Galveston Island, looking at both technical and sociopolitical aspects?

The following sub-questions have been defined in support of thismain research question:

1 What are the characteristics of the different alternatives for the proposed (hybrid) dune systems as
a barrier at theWest End ofGalveston Island?

2 What are the main requirements for the land barrier at theWest End when analyzing technical and
sociopolitical criteria?

3 What guidelines should be considered for design, maintenance and governance for a future proof
engineered dune barrier at theWest End?

This study sought to answers these research questions through a multicriteria analysis (MCA). Formu-
lation of these criteria and the determination of their effects are the first steps. Next, the alternatives are
tested on set criteria. Once the dune alternatives have been evaluated, conclusions are drawn regarding
the different criteria. The scope of the evaluated criteria follows the disciplines within the research group.
Thismeans that the research includes an analysis into hydraulic processes and sediment transportation,
the stormwater drainage impact and sociopolitical acceptance and visibility. The environmental impact of
the barrier has been excluded from this project, although this is expected to possibly have effects on the
outcome of this project. This exclusion is due to a lack of expertisewithin the team.

This report is divided in three parts. The first part consists of an area and problem analysis (Chapter 2)
an analysis on dunes and the evaluated alternatives (Chapter 3), ending with an analysis on the different
disciplines in Chapter 4. Part II consists of themethodology Chapter 5, in which themulticriteria analysis
(MCA)isdiscussedandtheresultsofthisMCA(Chapter6). Thepostprocessingoftheresultsisdoneinpart
III, with the discussion inChapter 7, the conclusions on the project (Chapter 8) and the recommendations
for further studies (Chapter 9.



2
Area and problemanalysis

In thischapterananalysisof thestudyarea isprovided. First, thegeographical location isdiscussed. Next,
the soil and sediment composition of Galveston Island is laid out. Following that, the history Galveston
hadwith hurricanes is discussed,with anexplanation on theprocesses governing hurricanes. Finally, the
future plans regarding flood riskmitigation and the connectionwith this project are explained.

2.1. Geography
This section describes the location of the study areawith respect to different scales.

2.1.1. Galveston Bay
The Galveston Bay complex consists of four sub-bays: Galveston Bay, West Bay, Trinity Bay and East
Bay, of whichGalveston Bay andWest Bay are adjacent toGalveston Island. Galveston Bay can be con-
sidered shallow with an average depth of 2𝑚, which does not allow large ships to pass. Therefore, the
HoustonShipChannelwasdredged,which is10𝑚deep. (EncyclopaediaBritannica, 2017). This channel
runs fromBolivarRoad through theGalvestonBay towards thePort of Houston, interconnecting the ports
of Houston andGalveston.

TheGalvestonBay complex is surrounded by different smallmainland communities. The bays and these
communities together are known as theGalveston BayArea. Galveston Island is not part of this area.

2.1.2. Galveston Island
Galveston Island is part of the state of Texas in the USA. It is located 3𝑘𝑚 out in the Gulf of Mexico, and
functions as a barrier island, separating the Galveston Bay Area from the Gulf of Mexico. The island has
an elongated shape, with a length of 46𝑘𝑚 stretching from the East-Northeast to West-Southwest, and
varying in width of approximately 1 to 5𝑘𝑚 (Frey et al., 2016), see Figure 1.1.

Galveston Island is bordered byBolivar Roads at the north-east side. This channel is themain navigation
route into Galveston Bay and the Port of Houston, making it one of the busiest shipping entrances in the
USA (Frey et al., 2016). The south-western area of the island is bordered by the San Luis Pass, a smaller
entry into theGalveston BayArea viaWest Bay. Galveston Island is surrounded by other islands: Bolivar
Peninsula, locatedon theother sideofBolivarRoads;SanLuis IslandandFollets Island in theSouth-East
andPelican Islandon theNorth. The latter belongs togetherwithGalveston Island to theCityofGalveston
except for the town of Jamaica Beach.

2.1.3. Galveston Island - West End
ThemainresidentialandcommercialpartofGalvestonis locatedat theeasternthirdof theisland. Thisarea
ismarkedby thepresenceof theSeawall, a concretewall parallel to thebeach toprotect residents against
stormsurge from theGulf. SeeSection2.3 for thehistoric background for thecreationof theSeawall. This
structure does not provide protection to the West End of the island, which stretches from the end of the
Seawall down to San Luis Pass. Small residential areas can be found spread over this area, occasionaly
adjacent to the beach. However, a large part of theWest End is unpaved, including the Galveston Island

4
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StatePark. There isonemain road thatconnects thewhole island,which isSanLuisPassRoad, thatalters
into Seawall Boulevard startingwest from theSeawall (Google, 2020).

2.1.4. Elevation of Galveston Island
Figure2.1providesanoverviewof theelevation levelsofGalveston Island. Note that thehighestelevation
in thismapwas cappedat theelevation of theSeawall, as therewereoutliers of theelevation irrelevant for
thisstudy,mainly locatedonPelicanIsland. TheelevationofGalvestonIslandcanbesplit intotwosections:

1. The locationwith the highest elevation of the island can be found on the northeast side of the island,
in theCityofGalveston. Thecoastat this location isprotectedby theGalvestonSeawall and the land
laying behind the Seawall has been raised to the same level. Section 2.3 explains the reasoning
behind the raising of the city of Galveston.

2. The elevation West End is much lower than the more populated northeast side of the Island. The
whole section has an elevation slightly aboveMeanSeaLevel (MSL), except for a few relatively low
and unconnected dunes along the coast at theGulf side.

Figure 2.1: Elevation
levels of Galveston Island, relative to MSL. (United States Geological Survey, 2019)(United States Geological Survey, 2018).

2.2. Galveston and its history of hurricanes
Galveston Island has a history that is marked by hurricanes, due to its location in theGulf of Mexico. This
section provides an overview of three hurricanes that had a major impact on the current situation on the
island.

1900: TheGreat Storm
OnSeptember 8th, 1900,Galveston Islandwashit byamajor hurricane, classifiedasCategory4because
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of its estimatedmaximumwind speeds of around 193𝑘𝑚/ℎ. A stormsurge of4.8𝑚 struck the islandwhen
the stormmade landfall, leading to an estimated total of over six thousand casualties. Based on this es-
timate, the storm, known in the area as “theGreat Storm”, is seen as the deadliest hurricane inUShistory.
The damage on the islandwas enormous, including the loss of 3,600 houses. This disaster has led to the
iconic surgeprotectionstructure that is called theSeawall. Thestructurewas finished in1904. Inaddition,
the entire City of Galveston was lifted, in order to improve flood resilience and stabilize the Seawall. This
has led to the elevation differences as they are today: The highest point of approximately 5𝑚 is located
directlybehind theSeawall. The lowestpoint is locatedat thebayside, allowingdrainageof thestreets into
the bay. (Ramos, 2013)

2008: Ike
Hurricane Ike struck at Galveston Island on September 13, 2008, after causing severe damage in Turks
and Caicos, the Bahamas, Haiti, Cuba and the Cayman Islands. At the moment of landfall, Ike had an
intensity of Category 2. The stormwas surge dominant, inducing a storm surge that is estimated at 4.57𝑚
+MSL and overtopped the Seawall (Berg, 2009). The storm caused a tremendous amount of damage on
Galveston Island: all the iconic piers in the Gulf were destroyed and approximately eighty percent of all
the houses on the island were damaged. This included single family and vacation homes, but also public
housing developments (Powell, 2018). Natural dunes had been completely flattened out as a result of
wind and storm surge, allowing the seawater to comeup to the houses. In general, Ike caused at least 83
fatalities in Texas and an approximated financial damage of $29 billion (Phan andAiroldi, 2015).

Ikewas the last surge dominated hurricane that struckGalveston Island. Another process that intensified
the damage on Galveston was the occurrence of a forerunner. This is an increase in water level several
daysbeforeahurricanemakes landfall and typically hasanamplitudeunder1𝑚. However, thedaybefore
Hurricane Ikemade landfall to themainland,widespread inundationhadalreadyoccurred (Kennedyetal.,
2011b). Since Ike, new hurricanes havemostly caused flooding due to heavy rainfall.

2017: Harvey
From the 25th until the 30th of August, 2017, Hurricane Harvey stalled over Texas and caused intensive
precipitation, which particularly ravagedHouston area fromAugust 26 - 28 vanOldenborgh et al. (2017).
The hurricane reachedCategory 4, while the rainfall event was an extremely rare event: the return period
of theprecipitationamountexceeded thousandyearsovera largearea (750𝑚𝑚over threedaysperyear).
The extreme precipitation event caused flooding in the streets of Galveston (Blake and Zelinsky, 2018).

It is estimated that the flooding impactedmore than 100,000 homes, with more than 80,000 homes being
flooded to a depth of at least 0.46𝑚 (FEMA, 2017a). Due to the fact that Hurricane Harvey was station-
ary inland for multiple days, it has been the most costly natural disaster in USA history with an estimated
damage of $125 billion in total (NOAA, 2017)(NOAA, 2020c).

2.3. Hurricanes and tropical storms
Hurricanes and tropical storms are both part of the samegeneric category of weather phenomena, called
tropical cyclones. These rotating and organized systems of clouds and thunderstorm originate over trop-
ical or subtropicalwatersandhaveclosed, low-level circulation. Themainconditions for formationof such
a system include an already existing weather disturbance, warm sea water, moisture in the air and relat-
ively light winds. Most optimal conditions occur in the period between June 1st andNovember 30th, which
is therefore called “Hurricane season”.(NOAA, 2020c)

Tropical cyclones are categorized in three classes, depending on the maximum sustained winds of the
system: tropical depressions (62𝑘𝑚/ℎ or less), tropical storms (63-117𝑘𝑚/ℎ) and hurricanes (118𝑘𝑚/ℎ
or greater). Hurricanes can be subdivided into five categories based on their maximum sustained wind,
according to the Saffir-Simpson scale. However, this scale does not account for possible catastrophic
storm surge and heavy rain produced by the hurricane.

Storm surge is an abnormal rise in sea level, which accompanies a tropical cyclone. This is the result of
low pressures at thewater surface caused by the storm. If the pressure change is not too rapid, thewater
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level in the open ocean rises in regions of low pressure, and fall in regions of high pressure, so that the
total pressureat someplanebeneath thewater surface remainsconstant. The theoretical riseof thewater
level is 10𝑚𝑚 for 100𝑃𝑎 of pressure drop (Harris, 1963). Wind set-up, as a result of the heavywinds, only
adds to this rise of the sea level.

Hurricanesmay cause torrential rains and heavy storms. Typical characteristics of these tropical depres-
sionsarehigh intensity rainfall of longduration (e.g. severaldays) (LuxemburgandCoenders,2017). Due
to this duration, the total precipitation depth is generally higher than during regular precipitation events,
even if intensities are lower. This relation is explained in Appendix C.1.3.

2.3.1. Climate change and relative sea level rise

Global warming is occurring roughly ten times faster than the average rate of ice-age-recovery warming
(NASA, 2020). Besides a global rise in temperature, climate change is expressed in other ways as well.
This is a worldwide sea level rise (Lundy, 2020). A positive feedback is created due to the warming of
oceans, shrinkage of ice sheets, glacial retreat, decreased snow cover, ocean acidification and the de-
cline ofArctic sea ice. With decreasing ice sheets comes the inability to reflect solar rays and the radiation
is absorbed by the ocean, responsible for warming the ocean even further. Moreover, the warming of the
oceans has lead to increased hurricane activity at Galveston Island. The intensity, frequency, duration
and category of North Atlantic hurricanes have increased over time due to global warming. (Mann and
Emanuel, 2006)(NOAA, 2020d)

The sea level rise has an effect on the environmental characteristics of Galveston Island (Mann and
Emanuel, 2006). The sea level rise locally in theGulf ofMexico is estimated frommultiplemeasurements
along the Galveston Pier 21 andGalveston Pleasure Pier. The expected sea level rise at Galveston Pier
21andGalvestonPleasurePier isdeterminedtobearound6.5𝑚𝑚/𝑦𝑒𝑎𝑟overa100yearperiodwitha95%
confidence interval. Besides the rise of sea level, Galveston Island is also subsiding due to continuous
oil and gas extraction, which causes groundwater withdrawal to other aquifers. Subsidence is nowadays
monitored to limit the groundwater withdrawal and enforce groundwater regulation in Galveston (Texas
LivingWaters Project, 2017).

2.4. Project scope
The combinations of the low elevation of Galveston Island explained in Section 2.1.4 with the history of
hurricanesand rainfall inSection2.3 show that theproblem isnot related toonesingleaspect. Hurricanes
are a reoccurring problem in Galveston, necessitating a future proof solution that also takes into account
relative sea level rise (RLSR) as indicated in Section 2.3.1.

Currently, theUSACE isworkingonan integratedcoastal barrier systemof threesegments to increase the
flood risk safety of Galveston Bay. The plans are to create a storm surge barrier at the inlet of Galveston
Bay, a ring levee inGalvestonBay and a dune systemonGalveston Island andBolivar Peninsula. In their
proposal, this dune system is going to provide the role of a ‘third line of defense’(USACEandGLO, 2018).
The different segments are indicated in Figure 2.2.
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Figure 2.2: Proposal of the combined coastal spine.

This report focuses on the evaluation of dune system alternatives for the Galveston IslandWest End. Its
primary function is theminimization of consequences inGalveston Island due to storm surge andwaves,
while also keeping the water out of Galveston Bay. This is also important, as the bay can be filled similar
to a bathtubduring a storm, possibly leading to devastating consequences forGalveston Islandaswell as
affecting thewholeGalveston Bay area.

The projected plan consists of the construction of a dune line from the end of the seawall on Galveston
Island to San Luis Pass and is providing protection for both the adjacent residents as the Galveston Bay
area. The construction itself remains a challenge, with the support from the federal government and the
local residents being insufficient. The opinion and perception of the residents on the island differs, with
residentsconcernedabouthindranceof theseaviewduetotheprojectedconstructionof thedunesystem.

Oneof themain focusesof theUSACE is to create support amongdifferent involvedparties. It hasproven
to be challenging to integrate technical specifications that fit a certain amount of stormsurge capacitywith
sociopoliticalsupport todeliveradunesystemdesignwhichisfit forpurpose. Alongwiththeproposeddune
systemby theUSACE, two other dune systemalternativeswere proposed by TUDelftmaster graduates.
An evaluation of these alternatives has not yet been conducted on the same criteria, as these plans have
been developed in parallel. A comparison on the performance of the dune alternatives on storm surge
coping capability, stormwater drainage impact, the maintainability and the sociopolitical acceptance can
give insight into the performance of these alternatives.

Amulticriteriaanalysisaidsthiscomparisonsothatbothtechnicalandsociopoliticalcriteriaareconsidered
inamultidisciplinaryway. This cansupport theUSACE increatingaknowledgebasis that theUSACEcan
useon itsway to the final proposition for the federal government. Ananalysisuponcross-shoreprocesses
of theduneupon10,50and100year stormswasperformedandused toanswer towhatextent thevarious
dune alternatives fit the requirements for a land barrier at theWest End ofGalveston Island.



3
Dunes

This chapter provides an introduction into various dune types and the functions of dunes. Furthermore,
the different alternatives for the land barrier at theWest End of Galveston Island are elaborated. The or-
der of these alternatives listed is the order referred to in the remainder of the report. An overview of the
alternatives is given in Figure 3.2.

3.1. Dune types
Sandycoasts around theworld arediverse in termsof dynamics,morphologyandvegetation. Coasts can
consists of no dunes, while other coasts consist of dunes of 100𝑚 high or as low as 1𝑚 ((Martínez et al.,
2013)). The latter, with dune heights varying around 1.5𝑚, reflects the dune type generally found along
theWest End of Galveston Island. Foredunes are situated on the backshore and formed by aeolian sand
deposition in plants above the spring high tide line. On Galveston Island these are around 1𝑚 high. The
vegetation on a dune can also differ. Dunes can be fully vegetated, givingmore protection to erosion than
a dune only consisting of sand (Martínez et al., 2013).

The dune system on Galveston Island includes the area frommean low tide line, to the landward limit of
dune formation, which can be found at the property borders next to the dune. The sand material from
offshore sandbars, typically within 15 to 30𝑚 from the shoreline, is deposited to the beaches along the
Galveston coast that average 0.5 to 1𝑚 in the calm season (Howard et al., 2013).

3.2. Dune composition and functions
Aeolian sanddeposition in plants slowly causesdunes tooccur. TheGalvestoncross-shore coast is com-
posedof the foreshore(wetbeach),backshore(drybeach), foreduneridge,andbackduneridge,ascanbe
seeninFigure3.1. Theforeduneis theduneclosest to thecoastline. Itspurpose is toabsorbthe initialbrunt
of a storm surge and dissipate wave energy. The backdune is the most landward dune, before property
plot boundariesstart. Thedunesystemexperiencesdailyharshwinds, frequentwater inundationandcan
be affected by beach visitors. However, it remains fairly stable until a storm event occurs and serves for
recreational purposes and as an important natural ecosystem (Howard et al., 2013).

Storm events cause high energy waves that wash against the base of the foredune, which disrupts ve-
getation and causes erosion of the dune face. Waves that return seaward carry the sand from the dune
and deposit it back to offshore sand bars where it originated, and the cycle begins again. This process is
describedbyundertow. Stormevents that causehighvelocitywindscarry sandaway from theshore in the
direction of theGalvestonBay. This sand can not return naturally to the dune systemand requires human
intervention. This human intervention concerns the (post-storm) maintenance that is required to contain
the storm surge capability of a dune system.

9
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Figure 3.1: Beach profile at Galveston Island West End (Morton and Paine, 1985).

3.3. Hybrid dunes
If the availability of sand is a limiting factor for the creation of dunes, hybrid dunes can be a solution. This
is a dunewith a core consisting of an alternativematerial, thus keeping the appearance of a natural dune.
Dependingon the circumstances, thematerial substituting the sand in the core is a cheapermaterial such
as clay, or a stronger and lesserodiblematerial suchas concrete. Anexample of suchahybrid dune is the
Hondsbossche Zeewering, stated in Appendix A.1. This used to be a dike, but currently has sediment on
top of the dike, gaining a natural appearance of the structure, while also increasing the flood safety.

Research on hybrid dunes is limited, although the available results on this topic show that a hybrid dune
performswell under certain circumstances. Results found byMuller et al. (2018)were: “By adding a sand
coverover theseawall,maximumdissipation is spreadovera larger cross-shoreextent. This led to the re-
ductionofthewaveheightatthefaceofthehybridstructure,aswellasthegenerationofmorewave-induced
setup.”As the sandsupply is limited inGalvestonandcanprove tobecostly, a hybrid approachmayprove
to be a solution onmitigation of flood risk onGalveston Island, while possibly beingmore effective than a
sand dune. Besides a hybrid dune,more alternativeswere considered in this project.

3.4. The alternatives
The different dune options considered in this research project are listed in the following sections.

3.4.1. The 0-option
The 0-option concerns an evaluation of the current situation on the West End of Galveston Island. The
advantages and disadvantages of the 0-option were assessed for the current state of the West End of
Galveston Island dunes. The 0-option provides protection, however an increase in stormwater drainage
impact as well as intensity of storms and hurricanes is expected. Therefore the 0-option offers a baseline
tocompare theotheralternativeswith. Anassessment for 50yearswasdone, as this compareswell to the
current plan by theUSACE. An illustration of the option is given in Figure 3.2a.

3.4.2. Alternative 1: Twin dune system proposed by the USACE
The study team, consisting of the TexasGeneral LandOffice (GLO) andUSACE is currently investigating
a dune-and-beach system along the coast of theGalveston IslandWest End, from the end of the seawall
till St. Luis pass. This alternative consists of a twin dune system, thus with two dunes next to each other,
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varying in heights from 3.65 to 4.26𝑚 +MSL, as shown in Figure 3.2b. The USACE proposes a dune ex-
tension where the dune is placed from the dune foot on the residential side towards the sea. This means
that the dune foot is going to extend the beach line seawards on locationswhere this is needed instead of
moving properties back to make space for a dune. The protection system is based on a 50 years storm
with amaintenance plan to re nourish the dunes every 5 year (Frey et al., 2016).

3.4.3. Alternative 2: Single dune proposed by Luis Galvez
Galvez (2019) has designed one dunewith a height of 7.5𝑚 +MSL for hisMaster thesis at Delft University
of Technology (TUDelft). This dune systemwas specifically designed in order towithstand a stormby the
force of Hurricane Ike. The geographical position, the footprint of the dune on the island have not been
taken into consideration by Luis Galvez. However, for this research an evaluation is done to what extend
the dune fitted into the present geographical position on the West End of the island. The alternative is
illustrated in Figure 3.2c.

3.4.4. Alternative 3: Hybrid dune with concrete core
Muller (2017) has undertaken research concerning the design of a hybrid dune system, with the seawall
as a core of the dune and sediment on top of the seawall, creating a hybrid dune. This project was an
additional thesis for the TU Delft. The concrete core dune system uses the same principle as Muller, by
adding a concrete core to the dune system along the West End of Galveston Island. The concept of the
idea of a hybrid dune is that it cuts costs by the decrease of volume in sand, while also requiring less
maintenance after a major storm event or period of time compared to the other alternatives. See Figure
3.2d.

3.4.5. Alternative 4: Hybrid dune with clay core
This alternative consists of a clay-based core, in order to determine the difference between a hybrid dune
with a clay-based core. It has the samedimensions as alternative 3 and thus uses the hybrid dune design
ofMuller (2017) as a basis. See Figure 3.2e.

3.5. Summary alternative characteristics
Data concerning the dune, core and slope dimensions from the dune alternativeswere retrieved from the
reports related to thedifferentdunealternatives. Stormparametersand theduneprofileweregenerated in
differentprograms,asdatawas limitedforalternative1. Dimensionsanddesignparameters foralternative
4were based on the design parameters of alternative 3, except for the corewhich ismade from clay.

Table3.1presentscharacteristicsusedfor thetestingof thedifferentalternatives in this report. Fieldsshow
‘n.a.’ (not applicable) if this is the case. Other fields state ‘n.g.’ (not given) if these were not given in the
relateddunealternative reports. Alternatives3and4state rangingdunebases, slopesandwidths. These
ranges are based on the report by Muller (2017). When these alternatives are discussed in this report,
it is clearly stated whether a specific value was selected from this range or the full range was assessed.
The range for the beach width for the 0-option reflects the currently varying beach width along the coast.
Design characteristics used for the simulation of storm surge coping capability are given in Appendix H.
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Table 3.1: Characteristics of the different dune alternatives

Characteristic 0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
Dune crest Level [𝑚𝑤.𝑟.𝑡. 𝑀𝑆𝐿] +1.5 +3.7&+4.3 +7.5 [+5.9,+7.6] [+5.9,+7.6]
Dune base Level [𝑚𝑤.𝑟.𝑡. 𝑀𝑆𝐿] MSL MSL MSL MSL MSL

Width [𝑚] [15,25] 56 100 [5,60] [5,60]
Dune slope [−] varying varying 1:3 [1:3.5, 1:10] [1:3.5, 1:10]
Core slope [−] n.a. n.a. n.a. 1:5 1:5
BeachWidth [𝑚] [30,40] 75 100 [55,130] [55,130]
Return period [(-) year storm] n.a. 50 100 100 100
Dune sediment D50 [𝑚𝑚] 0.150 n.g. 0.1323 0.150 0.150

D90 [𝑚𝑚] 0.187 n.g. 0.1869 0.187 0.187
Clay [𝑚𝑚] n.a. n.a. n.a. n.a. n.a.

Concrete core Level [𝑚𝑤.𝑟.𝑡. 𝑀𝑆𝐿] n.a. n.a. n.a. +4.32 +4.32
Height [𝑚] n.a. n.a. n.a. 5.2 5.2
Width bottom [𝑚] n.a. n.a. n.a. 5 5
Width top [𝑚] n.a. n.a. n.a. 1.5 1.5
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Mean Sea Level

Beach
15 m (50 �.)

Dune Width
9 m (30 �.)

Alternative 0
Doing nothing

3.0 m (10 �.) Above 
Sea level

(a) The 0-option.

Mean Sea Level

Beach
75 m (250 �.)

Dune Width
56 m (185 �.)

Alternative 1
USACE

3.7 m (12 �.) Above 
Sea level

4.3 m (14 �.) Above 
Sea level

(b) Alt. 1: Twin dune system proposed by the USACE.

Mean Sea Level

Beach
40 m (131 �.)

Dune Width
100 m (328 �.)

Alternative 2
Luis Galvez

7.5 m (25 �.) Above 
Sea level

(c) Alt. 2: High single dune proposed by Luis Galvez.

Mean Sea Level

Beach
100 m (328�.)

Dune Width
40 m (131 �.)

Alternative 3
Impermeable core

6.5 m (21 �.) Above 
Sea level

Impermeable core

(d) Alt. 3: Hybrid dune with a concrete core.

Mean Sea Level

Beach
100 m (328�.)

Dune Width
40 m (131 �.)

Alternative 4
Clay core

6.5 m (21 �.) Above 
Sea level

Clay core

(e) Alt. 4: Hybrid dune with a clay core.

Figure 3.2: The different alternatives.



4
Analysis

Thischapterprovidesanoverviewof theanalyses that formthebasis for thecriteriaused in themulticriteria
analysis. These are a hydrodynamic process analysis (Section 4.1), a sediment analysis (Section 4.2), a
hydrologic analysis (Section 4.3) and a sociopolitical analysis (Section 4.4).

4.1. Analysis hydrodynamic processes
This section describes different processes related to the hydrodynamic aspect of this assessment. The
different equations used and amore extensive approach is listed in Appendix B.

Whenwaves are propagating towards the coast, multiple processes occur. A wave spectrum consists of
different waves with varying properties and processes. A distinction can be made between short, turbu-
lence,very lowfrequencymotions,meanflowandlongwaves. This is illustratedinFigure4.1. Thedifferent
timescales and the difference between the separation in the shoreface and the surf zone are illustrated in
here. Short wave processes include wave set-down and set-up, energy loss due to wave breaking and
wave shoaling. These processes differ with varying depth.

Figure 4.1: Separation of velocities based on timescale, from de Schipper (2019).

The green line represents the energy level at the shoreface and it can be seen that most energy is at the
shortwave frequencies. However, due towavebreaking, it canbeseen that largervelocitiesarepresentat
the lower frequenciesand thus larger timescalesat thesurf zone. Therefore longwavesplayan important
role in the erosion of dunes.

Whenwavesarriveat theduneface,overtopping,overwashandinundationcanbearesult fromthis. Over-
topping is thephenomenonwhereadischarge isoccurringover the topof theduneand into thehinterland.
Overwash is the event inwhich sediment is transported landward due towaves as a result of wave run-up
or inundation. Themechanismof overwashwasnot calculated by itself in this research project, as the soil
transport landward is difficult to predict requiring a scalemodel. Inundation is the natural process inwhich
the hinterland is flooded and can be a result of continuouswave overtopping.

14
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Wave overtopping is calculated on its own in this research project. Despite the imminent threat of wave
impact ondunes, knowledgeandmodeling capabilities are limitedon these topics Figluset al. (2011). Be-
causeof this,an indication ismadewith theuseofequations fromVanderMeer (1988),whichrelate tohard
structures. Nevertheless, itenablesacomparisononwaveovertoppingbetweenthedifferentalternatives.
Themagnitude of overtopping over a structure is important for the dune design and amore relevant para-
meter thanwave run-up is: it givesan insight of the ratesof the runningwater of thehydraulic structure into
thehinterland. Themaximumallowableovertopping forasandyslope is1 literpersecondpermeterwidth.

It isknownthatspatialgradients innetsediment transport ratesresult inchanges in thecoastalmorphology
(BosboomandStive, 2015). However, there is stillmuch research to doabout the interaction betweenhy-
drodynamics and sediment. The process responsible for offshoremigration of sediment is the undertow.
This is the return flow compensating for the onshore directed waves and migrates over the bottom floor,
stirring up andmoving sediment. In the surf zone these velocities are highest: due to shoaling, thewaves
are high and thewater is shallow.

When waves hit the bottom of the toe side of the dune, erosion can occur, transporting the sediment off-
shore due to the undertow process. The offshore movement of sediment can start a process in which
the top of the dune erodes as well: the dune can become unstable due to the bottom sliding away, which
causesacollapseof thedune face. Thecriterion for this collapse is that the local duneslopeangle is larger
than theequilibriumslope (vanRijn,2013). Thecollapseofsediment fromthe top to thebottomof thedune
face is called avalanching.

The processes listed in the previous paragraphs, except for the overtopping are included in themodeling
tool XBeach. This program was used in this project. More information about the model specifications of
the different alternatives are given in Appendix H.

4.2. Sediment analysis
Thissectiondescribesdominantprocesses related tosedimentaroundGalveston. Additionally, sediment
management and its impact on coastal development in the area are discussed.

4.2.1. Sediment management in Galveston Bay
Three sources of sediment input inGalvestonBay have been identified, which are fluvial input, input from
transport throughBolivar Roads or coastal andmarine sources derived frombarrier island overwash and
shoreline erosion (Phillips, 2005). The current sediment accumulation cannot be exactly determined and
brings difficulties due to sources of bed disturbance and has amean sediment accumulation rate that has
been estimated on 3.5𝑚𝑚/𝑦𝑒𝑎𝑟 (Phillips, 2005).

The container vessels in the worldwide transport industry have always increased over time and this asks
for deepening and widening dredging operations. Recently, the channel to the port of Houston has been
widened and new plans are set in order to deepen the approach channel to 13.7𝑚 and widen it to 162𝑚.
Together with the accumulation inGalveston Bay, this asks for continuous dredging operations.

4.2.2. Coastline development at Galveston Island
According toPhillips (2005),57%of theshorelineofGalveston Islandexperienceserosion ratesofat least
0.6𝑚/𝑦𝑒𝑎𝑟 in recent years. The erosion and land loss has increased over the years, as well in Galveston
Bay due to human interactions, such as the impoundment of the Trinity and other Texan rivers.

The shoreline ismeasured every year by the Bureau of EconomicGeology (BEG). Since 2000, Light De-
tection And Ranging (LiDAR) surveys have been conducted. The shoreline position and the beach and
dune volume can be estimated from these data. Over time, these surveys are conducted, together with
coast-wide surveying (Bureau of EconomicGeology , 2020). The recent coastal trends found from these
data and surveying are illustrated in Figure 4.2. As can be seen from the figure, accretion occurs on the
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outerendsof theislandandtherestofGalvestonIslandsuffersfromerosion. Themaximumerosionoccurs
at the southern end of the seawall, where five hundred meters from the seawall the coastline regression
between 2000-2019 has been−1.98𝑚 every year.

Figure 4.2: Shoreline trends West End Galveston Island, (Bureau of Economic Geology , 2019)

Since the early 1900s littoral flow of sediment has been blocked. This is due to the construction of the
jettiesat theentrance toGalvestonBay in that time. (Kent, J., 2019). Becauseof thisblockageeddies form
in the longshore current, with accretion as a result at the East Beach. FromStewart Beachwestward, the
erosion rates have averaged from 1.5 to 3.0𝑚/𝑦𝑒𝑎𝑟 for the last fifty years. Thus, the island suffers from
serious erosion threats with short beaches (Lee Jr., 2017).

4.3. Hydrological analysis
Thissectiondiscusses themain findings thatarehydrologically relevant for thedesignandmaintenanceof
adunesystemasa future landbarrier. Thisanalysiswasperformed in four steps. First, thecomponentsof
thewater balance for the relevant systemweredetermined. Secondly, potential effects of the creationof a
landbarrierwere reported. Thirdly, components relevant to theseeffectswerequantified. Lastly, potential
mitigationmeasures for negative effects were analyzed. The water balance and the relevant dominating
components are specified in Appendix C.1. An analysis into the current situation and problems related to
drainage and quality of rainwater at theWest End ofGalveston Island can be found in Appendix C.2.

4.3.1. Hydrological issues and potential effects of a land barrier
This research primarily focuses on water that sits on top of the soil. Therefore, the relevant system is
bounded by the ground level. The resulting dominant hydrological processes are precipitation, evapora-
tion, infiltration and runoff. Galveston Island is prone to a lot of precipitation all year round, with a yearly
average precipitation depth of 1100𝑚𝑚 and a peak in September, due to hurricane season (U.S. Climate
Data, 2020). Infiltration and storage in the unsaturated zone are very limited, due to the high groundwater



4.3. Hydrological analysis 17

table of 0 to 15𝑐𝑚 below ground level and the poorly drained soil typeMustang (Howard et al., 2013). Ad-
ditionally, the urban areas at the West End decrease infiltration possibilities even more (US EPA, 2003).
Evaporation ratesdropduring rain events aswell. Thecombinationof thesecircumstances results in high
runoff volumes that need tobeeither storedordrainedaway, but residentsof theWestEnd report frequent
flooding and ponding, even after moderate rainfall (Figlus and Song, 2019). This indicates that drainage
of rainwater is not performed properly. In addition, theCity of Galveston states that all new developments
mustdrainNorthtoGalvestonBay,andprohibiteddrainagetothebeacharea(CityofGalveston,n.d.). Nev-
ertheless, Figlus andSong (2019) showed that various areasdrain rainwater towards theGulf, potentially
causing health risks due to a relatively high concentration of pollutants that is common for urban runoff.

Thefuture landbarrierwillcloseoff thecurrentdrainageoutletsontothebeach. Thiscanleadtoobstruction
of drainagepaths, potential improvement of runoff quality due to filter capability and to seepage that could
causenuisance. Inorder toanalyzepotential obstructiveeffects, a runoff analysiswasperformed. Poten-
tialobstructionand impactonqualitywere taken intoaccount in themulticriteriaanalysis. This researchdid
not includeananalysis into seepage, andwas therefore left out of themulticriteria analysis. However, Ap-
pendix C.4 provides potential mitigationmeasures for all mentioned potential effects, including seepage,
and discusses suitability in a qualitativeway.

4.3.2. Runoff analysis
The Modified Rational Method (MRM) was applied in order to quantify runoff volumes on the West End.
This method uses precipitation depth, catchment area and a runoff coefficient and results in generated
runoff volumes. This runoff coefficient is typical for every specific catchment, and depends on catchment
characteristics such as topography, soil type and land use. For a detailed explanation of the MRM, see
Appendix C.3. This section only shows themain results.

UsageofArcGISProsoftwareallowedtodelineatecatchmentareas thatdrain towards thebeachand their
respective drainage locations onto the beach. In total, 71 catchment areas could be identified. The total
area thatdrains towards thebeachcanbeseen inFigure4.3, themaincontributingareasand their specific
outlet locations can be seen in Figure 4.3b. Table 4.1 provides an insight into runoff volumes for these five
outlet locations, based on a rainfall depth in 24ℎ during storms with a return period of 2 year, 10 year, 25
year, and 100 year. As can be seen, these five catchment areas generate approximately half of the total
runoff volume.

Table 4.1: Catchment areas and runoff coefficients for the areas draining towards the Gulf.

ID W [𝑑𝑑] N[𝑑𝑑] Area [∗10𝑚ኼ] Runoff coefficient [ - ] 𝑉ፓኼ፲፞ፚ፫ [∗10ኾ𝑚ኽ] 𝑉ፓኻኺ፲፞ፚ፫ [∗10ኾ𝑚ኽ] 𝑉ፓኼ፲፞ፚ፫ [∗10ኾ𝑚ኽ] 𝑉ፓኻኺኺ፲፞ፚ፫ [∗10ኾ𝑚ኽ]
P1 29.2387645 94.8773063 2.6 0.41 1.3 2.3 3.1 4.5
P2 29.2366557 94.8799596 7.7 0.45 4.4 7.6 10.1 15.0
P17 29.1955323 94.9489356 2.6 0.49 1.6 2.7 3.6 5.4
P27 29.1700789 94.9913450 3.1 0.49 1.9 3.3 4.4 6.5
P29 29.1490334 95.0262873 2.0 0.50 1.3 2.2 2.9 4.3
Totalmain contributors 17.9 0.46 10.6 18.1 24.0 35.8
Other catchment areas 19.5 0.51 12.7 21.7 28.8 42.9
Total 37.4 0.49 23.3 39.8 52.9 78.7
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(a) Total area of the West End that drains towards the beach.

(b) Five main contributing catchment areas and their outlet locations at the West End.

Figure 4.3: Contributing areas that generate runoff volumes and drain towards the Gulf



4.4. Sociopolitical analysis 19

4.4. Sociopolitical analysis
This section provides an analysis on the combination of social and political factors to the implementation
of a coastal floodprotection. Firstly thedemographyandeconomyare further elaborated. This is followed
by an analysis of the stakeholders and the form of governance.

4.4.1. Demography
Demographic data provides insights about future infrastructure needs, resource allocation and demand
formunicipalandotherservicesofacommunity. Thissectiondiscussesdemographic trendswithregardto
propertyvaluesalong theWestEndand theoriginofhomeowners. It is important toacquiregeneral know-
ledge about Galveston City, but also to determine what groups of people are affected by the construction
ofadunesystem. Demographicdataon theWestEndarediscussed in thissection. TheHoustonbayarea
demographicsarenotdiscussed in this research, because this fallsoutof thescopeof thisproject. For this
purposegeneraldemographicdataonGalvestonCityisgivenandananalysisofpropertyvaluesandwhere
residents have registered for the Galveston IslandWest End area, weremade in order to determine who
are going to be directly affected by the construction of an engineered dune system. For this purpose five
crosssectionson theWestEndhavebeenmade,seeAppendixD.The interfacebetweenthedunesystem
alternatives and demographic datamentioned in the following subsections, are discussed inChapter 7.

City ofGalveston
The population of the City of Galveston has grown since the first USA census in 1850. However, after
Hurricane Ike in 2008, a population drain that started in the early 1960s accelerated (World Population
Review, 2020). Galveston’s population dropped from its peak population of 67,175 that was recorded in
1960to47,000by2010. Recentestimatesshowthat thepopulationhasedgedupwardsince,byalmost6%
since the last censusof2010 toapopulationof50,457according to themost recentU.S. censusestimates
(United States Census Bureau, 2020). The population density is 3,175 per 𝑘𝑚ኼ which is nearly thirteen
times higher than the Texas average and fourteen times higher than the national average. The median
age inGalveston is39.4years,which issimilar to theUnitedStatesmedianageof37.9years. InGalveston
City, 83.8% of the population is over 18 years of age and 15.5% of is 65 years and older. 73.7% speak
English and 20.9% speak Spanish. GalvestonCity is inhabited bymostlyWhite Americans. According to
the 2018 USA Census Bureau estimates, the population of Galveston City was White American 74.1%,
Black or African American 18.3%. The rest of theGalvestonCity population are composed of other races
like American Indian, Asian or Native Hawaiian. The median household income (in 2018), was $44,902,
in comparison to theUnited Statesmedian household income $61,937.

Galveston IslandWest End
8,769 people live on Galveston Island West End (Texas Demographics by Cubit, 2020), which is almost
20% of the total Galveston Island population. Themedian Age on the Galveston IslandWest End is 48.5
years, which is an increase of 10 years compared to Galveston City as a whole, meaning there is an in-
crease in senior residents on theGalveston IslandWest End. 90.9% is U.S. born, 80.7% of which lived in
the same house last year. From a total of 3,733 households on theWest End of Galveston Island, 86.5%
are households without children. The median household income (in 2018) was $73,242, in comparison
to the Galveston City median household income of $44,902 (Texas Demographics by Cubit, 2020). The
average household income is $106,901. During the year an owner occupation rate of 64.9% is present on
theGalveston IslandWestEnd,a littleovera third is renteroccupied. Theaveragepropertyvaluealongthe
coast is$601,250, seeAppendixE.Justunder10%of residentsalong thecoastare registeredasresidents
in Galveston City. 8.2% of the residents are registered in other states than the State of Texas. From the
91.8% of Texas state registered home owners, just over 46% are registered in the city of Houston.

4.4.2. Economy
Adescription of local economics is addressed in order to get a general understanding of the project area.

GalvestonCity
The economy ofGalveston employs 22,000 people. The largest industries inGalveston are:
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• Health Care &Social Assistance (3,931 people);
• Accommodation &FoodServices (3,421 people), partly related to tourism;
• Educational Services (2,635 people).

The healthcare industry is driven by the University of Texas for theMedical Branch (UTMB). It serves the
inhabitantsofTexaswithspecializationsand takescareofpeople fromtheentirestateofTexas. Galveston
City is home to theGalvestonNational Laboratory, which is oneof the two sophisticated high containment
research facilities in the U.S. serving as a critically important resource in the global fight against infec-
tiousdeceases (TourismEconomics,2018). Thehighestpaying industriesareUtilities ($95,893peryear),
Wholesale Trade ($58,700 per year), and theMining, Quarrying, Oil & Gas Extraction ($58,036 per year)
(United StatesCensusBureau, 2020).

Tourism is an integral part of theGalveston Islandeconomywith a visitor spending of $872million in 2018.
TourismonGalveston Island generated $177million in tax revenues in 2018 (TourismEconomics, 2018).
Employment and income in Texas and Houston continue to grow faster than the U.S. rates and are likely
helping to drive tourism onGalveston Island. The city is home to the largest cruise ship terminal in Texas,
and the 11th-largest in theworld, with just under onemillion visitors in 2018. ThePort of Galveston in gen-
eral provides an annual economic impact of more than $2.3 billion and is thus a significant contributor to
the local, regional and state economies (TourismEconomics, 2018).

4.4.3. Stakeholder analysis
The process of building a land barrier draws from a wide range of knowledge across various sectors:
from science and research, through planning and design, to engineering and construction. Stakeholders
should be involved as soon as possible in the design phase as they influence the outcome of a project
deRidder (2009). Figure 4.4 summarizes the stakeholder identification,which is further elaborated inAp-
pendix F. The results from themultidisciplinary project of Rooze et al. (2018) were used for thismap. The
stakeholders are divided into political stakeholders, economical stakeholders, residential stakeholders,
environmental stakeholders and educational stakeholders.

Figure 4.4: Stakeholder map Galveston Island.
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It is important to incorporate the stakeholders of Galveston Island, so that local support is generated.
Therefore stakeholders have been interviewed to gain their perspectives on the construction of a dune
system. These include government agencies, private consulting firms, research institutions, non-profit
organization and residents. A further elaboration on the responses of the stakeholders can be found in
Appendix F.2. A summary consists of the following items:

• The land barrier does not negatively influence the architectural integrity, the cultural tourismor local
(industrial) business onGalveston Island.

• The public access of the beaches need to bemaintained.

• The every day value of the people onGalveston Island need to preserved.

• A land barrier need to prevent stormsurge fromoverflowing theWest End to provide extra safety for
the residents.

• Any formof protection need to reduce theGalveston’s flood insurance premiums. More information
about theNational Flood InsuranceProgram (NFIP) can be found in Appendix G.2.2.

• Any form of protection provides also benefits for non-hurricane problem flooding.

4.4.4. Forms of governance
The analysis on the forms of governance, as further elaborated in AppendixGprovides a clear distinction
between the priorities set with regard to the USA and the Netherlands. Dutch form of governance with
regard to flood riskmeasures has a standard federally-funded budget and focus onmaintenance. Where
inUSA it has often been based on a protect based budget by local funding. The challenge that arises is to
connect technical knowledgewith social political decisionmaking.

Finding an all-encompassing proceeding is impractical, because of the many differences between and
within countries. However, there are vast elements in the form of governancewhich could be useful. The
USA need to introduce a federal flood protection standard for federally-funded projects. With as purpose
to reduce disaster costs by avoiding future damages, save taxpayer dollars over the long-term, preserve
coastal flood plains and safeguard people and property. In Appendix G.3 an advise is formed in with
emphasis on the form of governancewith relation to future flood risk reductionmeasures in theUSA.

The findings from thesociopolitical analysiswereused inAppendixK todefineboundaryconditions for the
sociopolitical acceptability of the proposed alternatives.
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5
Multicriteria analysis

Amulticriteriaanalysis (MCA)wasused toassignvalue to thealternatives,basedon theobtained informa-
tion in thepreviouschapters. AMCA isamethod toassign thevalueof certainalternatives relative toeach
other, based on discrete criteria. First, the general system for the criteria is explained. Next, the general
rating system for the critera the criteria that determine the value of each alternative and their governing
parameters are formulated and elaborated, and the outline of the final scoring table is given. Finally, the
lack of weight factors is explained.

5.1. Rating system
Eachalternativewas testedon theparametersgiven inSection5.3. Theresultswereevaluatedandbased
on these results a final score was given to each alternative on how it fulfills the function of each criterion.
There were three possible scores each alternative could receive for each parameter: a positive score, a
negative score or a neutral score, respectively represented by a ‘+’, ‘-’, and a ‘0’. All scores were given
based on the impact each alternative had on each criterion in the current situation during the total lifetime
of the structure.

As the parameters for each criterion were evaluated separately, it is imminent that the situation occurred
in which one of the parameters of the criterion received a different score than the others. To offer clarity in
thesesituations, the following ruleswere formulated to thescoringof thecriteria,which range fromhighest
to lowest priority:

1. If one or more parameters of a criterion received a negative (‘-’) score, the criterion automatically
received a negative score aswell.

2. If the parameters of a criterion only had a positive (‘+’) and neutral (‘0’) scores, the criterion received
a positive score.

3. If all the parameters of a criterion had the same score, the criterion received this score aswell.

The reasoning behind rule one was as follows: nomater how an alternative positively scores on some of
the parameters of a certain criteria, the fact that it negatively affects one of the parameters of criteria is
enough to give a negative score to the said criteria. Rule twowas based on the logic that a neutral impact
of a parameter on a criterion is no impact at all, and therefor does not impact the score of a criterion. Rule
threewas inherent and thus needs no further explanation.

5.2. Outline of the scoring table
The scoring table of the final results are in the form of Table 5.1, with the symbols ‘+’,‘-’, and ‘0’ filled in the
blank spaces of the table.
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Table 5.1: Scoring table of the final results.

Criteria 0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
Stormsurge coping capability

Erosion during normative event
Wave overtopping capability

Stormwater drainage impact
Obstructive impact
Quality impact

Maintainability
Maintenance approach

Sociopolitical acceptability
Fitting of the dune
Effect on the line of sight
Accessibility

5.3. Criteria of the MCA
The criteria that were chosen for the MCA are inherent to the expertise of the research group, as well as
based on the views and needs put forward during interviews andmeetingswith stakeholders.

The capability to copewith storm surge is the leading criterionwhen evaluating different alternatives, due
to the nature of the project. It can bedescribedasaboundary condition that the alternatives have tomeet,
in order to function as a barrier. However, this does notmean other criteria should not be considered. It is
hypothesized that an increase in storm surge coping capability of an alternative leads to a decrease of its
ranking regarding to other criteria. An increase in height or width of the current dunes could result in less
rainwater drainage capabilities, higher maintenance costs and a disconnection between the beach and
the homes behind the dune system.

By taking the previous statements into account, the four criteria determining the role of the land barrier for
thecoastal spinewerechosenas: theStormsurgecopingcapability, theStormwaterdrainage impact, the
Maintainability and theSociopolitical acceptability. Foreachcriterion, thespecificmethod fordetermining
the value and the corresponding parameters is given in a separate appendix, respectively appendices H,
I, J andK.

5.3.1. Storm surge coping capability
This criterion describes the primary function of the structure. Contrary to the other criteria, sea level rise
was taken into account for this criterion. This is due to the fact that a rise of sea level has adirect impact on
this criterion, whereas the other criteria are only indirectly affected by this phenomenon. The parameters
used for the grading of this criterion are listed below:

• Erosion during normative event
Theerosion rateswere determinedwith the useofXBeach. Modeling thealternatives resulted in an
outcome inwhatmanner thealternativeshandledifferent kindsof designstorms. If these rateswere
too high for an alternative, it resulted in a negative score on this parameter.

• Waveovertopping capability
If the wave overtopping rates for an alternative reach a certain level, the dune system can become
unstable and the flow of water into the hinterland can ultimately result in inundation. Thus, lower
wave overtopping rates resulted in a positive score for this parameter.
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5.3.2. Stormwater drainage impact
Heavy rainfall is a major issue in the region. This criterion describes the effect the different alternatives
haveonstormwater induced issues. Theparametersused for thegradingof this criterionare listedbelow:

• Obstructive impact
Any continuous dune system results in the accumulation of rainwater on the back (non-Gulf) side of
the dune. This phenomenon is called ponding and also depends of the materials used in the dune
system. A lower volume of water ponding on the back side of the dune resulted in a positive score
for this parameter.

• Quality impact
The quality of the runoff from the back side of the dune system to the gulf is positively influenced by
an increase of the filtering capability due to the presence of a dune. Thus, alternativeswith a higher
filtering capability received a positive score for this parameter.

5.3.3. Maintainability
Themaintainability of the alternatives depends on the amount of maintenance that is required during the
post-storm recoverymaintenance that is needed after a storm surge.

• Maintenance approach
Thesoleparameter that determined thescore for this criterionwas themaintenanceapproach. Two
types of maintenance are of importance for the land barrier, post-storm dune recovery, and regular
beach & dune nourishment. Alternatives that require regular sand nourishment, but have a good
post-storm resilient design (meaning that thedune remains somestormprotectionafter a first storm
event) were valuedwith a positive score.

5.3.4. Sociopolitical acceptability
Differences in perception of the structure between people have been found. Therefore, this criterion de-
scribestheacceptanceofpeoplewithregard to theirpoliticalbeliefsandsocialclass. Sea level risewasnot
taken into account in this criterion, as the current regulations used as input data are based on the current
sea level. The parameters used for the scoring of this criteria are listed below:

• Fitting of the dune
Alteration of the current coastline at theWest End is not favorable. Thus, alternatives affecting the
current coastline the least received a positive score for this parameter.

• Effect on the line of sight
Any alternative, except for the 0-option, raises the elevation of the land in front of the houses along
the beachfront and thus blocking the view over theGulf. Alternatives havingmore effect on the line
of sight received a negative score for this parameter.

• Accessibility
TheTexasOpenBeachesAct (TGLO,n.d.) states that thepublic shouldhaveunrestrictedaccess to
the beaches of Texas along the Gulf. Thus, any alternative should have a way to provide access to
thebeach in front of thedunesystem. TexasGeneral LandOffice (2011)providesguidelinesonhow
tocomplywith theOpenBeachesAct. ThepublicofGalveston IslandWestEnd isaffordedaccess to
beachedbydunewalkovers. More informationaboutdunewalkoverscanbe found inAppendixN.1.
Alternatives complyingwith these guidelines received a positive score.

5.4. Absence of weight factors
Noweight factorswere given to the criteria due to this research having anadvising point of view instead of
being of a judgmental nature. Although it is inherent to a storm surge barrier that the storm surge coping
capability is thegoverning criterion in any sort of analysis, the distributionof theexactweight factors to the
criteria is awhole study by itself.



6
Results

Thischapterprovidesanelaborationof theresultsof thestudy,startingwith thegeneral results, followedby
thedescription of the results of the criterionmaintainability, sociopolitical acceptance, stormsurge coping
capability and stormwater drainage impact.

6.1. General results
The general results show how the proposed alternatives score with regard to the criteria. An overview of
the results of the criterion and the attached parameters is given in Table 6.1. The results of each criterion
are elaborated in Section 6.1.1, Section 6.1.2, Section 6.1.3 and Section 6.1.4. The general results are
further discussed inChapter 7.

Table 6.1: Scoring table of the final results.

Criteria 0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
Stormsurge coping capability - - + + +

Erosion during normative event - - + + +
Wave overtopping capability - 0 + + +

Stormwater drainage impact - - - - -
Obstructive impact 0 - - - -
Quality impact - + + + +

Maintainability 0 0 + + 0
Maintenance approach 0 0 + + 0

Sociopolitical acceptability + - - - -
Fitting of the dune + - - 0 0
Effect on the line of sight + + - - -
Accessibility + + - + +
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6.1.1. Storm surge coping capability
Thequantitative resultsobtained fromtheXBeachmodel runs, groupedby the intensityofa10yearstorm,
50yearstormanda100yearstormcanbe found inAppendixO.1. Thevalidationof theprocessofXBeach
are described in Appendix L. It can be concluded that the 0-option and alternative 1 do not perform well
under conditionswith a lower return period than10 year storm. The0-option causedalso the largest over-
topping rates. Therefore this alternative is ratedwith a ‘-’. TheWave overtopping capability of Alternative
1 is graded with a ‘0’, because it has not too damaging consequences. However, the storm surge coping
capability of alternative 1 is still graded with a ‘-’. Alternative 2, 3 and 4 have been rated with a ‘+’, since
these alternatives are able to withstand the heavier storms aswell aswithstanding the overtopping.

6.1.2. Stormwater drainage impact
An extensive description of the results of the parameters Obstructive impact and Quality impact can be
found inAppendixO.2. Fromthe results it canbeconcluded thatall thealternativesdonotperformwell un-
der theparameterofstormwaterdrainage impact. For the0-option, this isdue to lowrunoffqualityaffecting
beach water. For the various alternatives of the dune barrier, this is due to obstruction of drainage paths,
leading toan increase inpondingvolumeson the inner sideof thedunes. Thereforeall thealternativesare
ratedwith a ‘-’.

6.1.3. Maintainability
Adescription onMaintenanceapproach canbe found inAppendixO.3. Themost important aspect for the
evaluation of the maintainability was determined by the amount in which a dune system could naturally
recoverdue tostormsurgedrivenevents thatwerediscussedandmodeled in this research, thus thestorm
surge coping capability of the dune is an important factor in the evaluation of themaintainability. Compar-
ison of the results shows that the 0-option and alternative 1 scored a ‘0’, meaning both alternatives can
naturally recover after 10 year storms, but not after 50 year or bigger storm events. Alternative 2 and 3
scoredpositive, due to the fact that thesealternativesscoredwell on retainingstormsurgecapabilitiesand
needing relatively little artificial maintenance. This also holds for alternative 4; however, the alternative
was assigned a ’0’ , because of the unknown behavior of the clay core.

6.1.4. Sociopolitical acceptability
The results of the parameters Fitting of the dune, Effect on the line of sight and Accessibility are further
elaborated in Appendix O.4. From the results it can be concluded that only the ’0-option’ performs well
under the criteria of sociopolitical acceptance. This indicates people do not like anything to change on
the current situation. According to the results, alternative 2 does not perform well under the criteria of
sociopolitical acceptance. Meaning it does not fit or meet the requirements as set by the Texas Beach
Accessibility Guide. On top of that it also blocks the landscape view of properties on the first line after the
dune, so alternative 2 is valuedwith a ‘-’. Alternative 3 and 4 have scoredwell onAccessibility and neutral
on Fitting on the dunes. However, the criterion received a negative score, because it provide visual block
to the homeowners of the first line after the dune.



III
Discussion, conclusion and

recommendations

28



7
Discussion

7.1. General interpretation results
Lookingat the results, thedifferentalternativesscorewell ondifferentparameters; noneof thealternatives
receivedapositivescoreoneachofthefourcriteria. Thiswill inevitably leadtoadiscussiononprioritization.
In thisresearch,stormsurgecopingcapabilitywasdeterminedtobetheleadingcriterion,or,evenstronger,
a boundary condition. This means that a certain elevation is required for an alternative to fulfill its role as
a land barrier at all. Building analternativewhich is lower than the required elevation seems to be awrong
investment, since it would not able to function as a coastal defense system. However, this research did
not determine this exact elevation, but rather assessed four proposed alternatives upondifferent criteria.

According to the applied XBeach model, the higher dunes are able to withstand high intensity storms,
such as Hurricane Ike. This is in contrast to the 0-option and the alternative proposed by the USACE.
The XBeach model output plots showed large amounts of eroded sand and overtopping rates for these
alternatives. This wouldmean a destruction of the entire island and generating problems for theHouston
industrial andmetropolitan area. When the profile flattens,Galveston Island loses its function as a barrier
island for theGalvestonBay. With an increased fetch andmorewater flowing into the bay,Houston indus-
trial andmetropolitan area could face devastating consequences. The construction of a dune would limit
thisovertoppingratesand the flatteningof thedunesystem. Adunewithahigher levelofsafetyoffersmore
protection for reoccurring storms in a limited space of time, as post stormmaintenance is required less.

Anexplanation for thesemajordamages is the fact that the50yeardesignstormshaveasurge levelwhich
is almost ashighas theduneelevation itself. Combinedwith thegivenwaveheights thiswouldautomatic-
ally lead to an overwash regime (Asbury H. Sallenger, 2000). Furthermore, it can be seen in the resulting
profiles for the 0-option and alternative 1 for high intensity storm that the wave height does not decrease
verymuchwhen it approaches the surf zone,whichwould normally be the case. This is due to the fact that
the profiles are already flattenedafter a short period, causing thewaves not to break and lose height. Due
to the fact that these alternatives face large sand losses, they did not score well for the ‘maintainability’
parameter. As expected, these dunes would have to be built up again after a storm event, which would
result in excessivemaintenance costs.

A striking finding is that the 100 year storm gave a less eroded sand volume than the 50 year stormwith a
long duration. This implies that the duration of a storm, at certain water levels, has a big influence on the
level of damage.

The0-optionandalternative1show,asexpected,goodscoresfor theEffecton lineofsightandtheAccess-
ibility. These alternatives are not going to block the sea view and are not projected to have any problems
providing beach access. The alternatives with a larger elevation, alternative 2, 3 and 4, do not score well
for these criteria. The designed elevation of these alternatives is simply larger than the first floor‘s eleva-
tion of the houses close to the beach. The dune with the largest elevation, alternative 2, scores worst on
Accessibility due to the fact that the beach would be difficult to access. The other high elevation dunes,
alternatives 3 and 4, would face difficulties providing beach access but this would be solvable.

A distinction wasmade between a hybrid dune with a concrete core and one with a clay core. The hybrid
dune systemwas introduced in order to save costly sand and to still have a certain defense structure after
a severe stormhas hit the coast. Muller (2017) showed that a hybrid systemperforms better than a single
seawall, in termsof reducing thewaveheight. Despite the fact that theconceptofahybriddune is relatively
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new, and notmuch could be said about the differences in a technical sense, there are somedifferences in
acceptability andmaintainability of these options. Peoplewould prefer to see a concrete core instead of a
clay hope after a stormevent, according to a fewGalveston officials. However, clay iswider available and
moreovercheaper thanbuildingaconcretecore. Alternatives3and4havegoodscores forMaintainability,
since less sand has to be renourished after a storm event. However, even more sand could have been
saved by reducing the depth of sand cover and achieve greater level of risk reduction for the hardened
core options. More runs should have been donewith successive hurricanes and different forms of hybrid
dunes in order to find an optimum in this case.

In contrast to theother criteria, nodistinction could bemadebetweenalternativesby scoring themon their
drainagecapacity. ThescoreonStormwater drainage impact is negative for all alternatives. In thecurrent
situation, a significant area drains urban runoff and the related pollutants towards the Gulf coast. The
presence of a dune barrier reduces discharge on the beach and can provide filter possibilities, improving
on beach water quality. The down side of this favorable consequence is a large increase in volume of
ponding water. In the current situation, ponding and flooding already occur frequently at the West End,
and increased volumeswould severely aggravate experienced issues.

Interpretationof the results for stormwater drainage impact showsvery small daily discharges through the
dunes. This leavesapproximately all runoff aspondingvolume, disregarding the intensity of precipitation.
Although both stormwater drainage and storm surge calculations were performed using extreme events,
issues related to stormwater volumes will aggravate for very regular rain events as well. Due to the fre-
quencyof occurrence, these issuesare closer related to thedaily valueof thedunesystem rather than the
protectivevalue incaseofanextremeevent,andtheconstructionofadunesystemcanthereforegenerally
lead to a decrease in quality of everyday life. Solutions for these drainage issues should be incorporated
without affecting the storm surge coping capability of the barrier in order to create a suitable design for the
land barrier. AppendixC.4 lists andevaluates potential solutions that could be incorporated in the design.
This evaluation showed that implementation of a dune infiltration system could potentially be a valuable
solution to deal with drainage issues, but impact on the protective function of the barrier against storm
surge is still to be analyzed. In general, spreading volumes over the area instead of canalization towards
a single outlet point can reduce issues at these outlet locations.

One has to keep in mind that the dune system should have one main function: providing a certain level
of safety against potential hurricanes, not only for Galveston Island itself but also for the entire underlying
area. Thedaily valueof thisdunesystemshouldalsobe taken intoaccountbut shouldbesecondary to the
main function. The daily value refers to the impact of the dunes on people‘s daily lives. A dune blocking
the sea view or a dune causing the beach to be non accessible means negative impact on daily life for
example. However, amoresociallyaccepteddesignscores lessonstormsurgecopingcapabilityaspects
and vice versa.

The stakeholders at the West End of are considered as part-time Galveston Island residents and have
wishes that contradict the main purpose of the dune system by prioritizing aesthetics over functionality.
Thesepeoplearewillingtotaketheriskthat theirsurroundingscouldbefloodedandhurricanescausedam-
age to their properties. Regardless of the dune system that is chosen eventually, it is important to clearly
state theboundaryconditionsforadunesystem. What is itspurpose,whichareawillbeprotectedby it (only
theGalveston Island, or the Bay area), whowill benefit and how, are questions that should have clear an-
swers. This information isvital for stakeholderprioritization. Somestakeholdersneedonly tobe informed,
others need to be actively involved in the process. The latter consists among other things of the decision
makers and the financing institutions. An advise on the governance strategy is given in Appendix G.3.

If the dune system would have a major role in the proposed coastal defense system for the entire area,
which is claimed by the USACE, alternative 1 would perform better on the Storm surge coping capability
and the Stormwater drainage impact. Alternative 1 has been modeled in XBeach as if it is a model on
its own, without the other aspects of the tripartite plan. It is unknown how this plan functions altogether
and how the different parts of the plan function independently and thus the decision was made to model
the dune system as it is a separate plan. Furthermore, when scoping to the entire Galveston Bay area,
stakeholders on theWestEndofGalveston should not be consideredasapriority stakeholder group. It is,
however, inevitable that this leads to great resistance from these local residents.



7.2. General limitations 31

In the following section the general research limitations are pointed out. The limitations per criterion can
be found in Appendix P.

7.2. General limitations
• The stakeholder analysis is a biased to social acceptability from only a part of the residents of the
entireGalvestonBayarea. This is due to the fact thatmostly people from the islandhavebeen taken
into account. People, not owning any houses close to the beach, would care less about the effect
on the line of sight requirements and value protection asmore important than aesthetics. Themain
concern of the inhabitants of the island is whether the dune system negatively influences the archi-
tectural integrity, cultural tourism or impede the local (industrial) businesses and is able to prevent
water flowing into their area. However, the plans are projected to positively influence the local busi-
nessesaswell: thePort ofHouston is nation‘s number1port for exports, thus floodprotection is vital
to protect an essential part of the economy of theUSA.

• The method for calculating dune volume can greatly underestimate the true volume requirement
for the alternatives in which the coastal line is advanced seaward. The obtained volume should be
added to the volume required to advance seaward the entire nearshore beach systemadistanceX.

• Theabsence in this research to investigate the influenceof the proposedalternatives to the ecology
is a big limitation. The research team was aware of the fact that any form of protection would have
influence on the ecology. Due to the lack of expertise to provide a thorough study on this subject,
there is decided to leave this subject out of the study scope.

• No model runs or tests have been executed with the combined effects of rainfall and storm surge.
Most of the time, hurricanes not only cause large storm surge levels at sea, but also cause heavy
rainfalls. In this research, these topics have only been examined separately.

• In this research the initial construction costs of each alternative have not been taken into account,
whereas this could give valuable informationwhile comparing the alternatives.

• Weight factors should be added to the different criteria and parameters when choosing one altern-
ative from the assessment. However, the level of safety would have received a weight factor signi-
ficantly larger than the other criteria, due to the fact that, in the first place, a dune system should be
able towithstand severe storms.
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Conclusion

This research aimed to identify the effect of technical and sociopolitical aspects of different dune alternat-
ives for theGalveston IslandWest End. For this purpose, the dune alternatives proposed by theUSACE,
and thealternativesproposedby twoTUDelftmaster graduates (L.GalvezandJ.Muller),wereevaluated
using different criteria. A process-based numerical model, XBeach was used to conduct an assessment
of the storm surge coping capacity, ArcGIS calculationswere used to conduct an assessment on the rain-
fall coping capacity of the dunes. Furthermore, interviewswith individuals, companies and governmental
agencies in combinationwith a literature review led to insights into sociopolitical criteria. To conclude this
report, the research questions are stated again.

To what extent do the various dune alternatives fit the requirements for a land barrier at the West End of
Galveston Island, looking at both technical and sociopolitical aspects?

Three sub-questions were formulated in support of this main research question. These sub-questions
are listed and the answers allow to come up with an answer for themain research question. The first two
sub-questionsdirectlysupport themain researchquestion, the thirdsub-questionprovidesguidelines that
were formulated in support of further research regarding themain research question.

1 What are the characteristics of the different alternatives for (hybrid) dune systems that have been
proposed as a barrier at theWest End ofGalveston Island?

Four different alternatives were distinguished and their characteristics were described in Chapter 3. Al-
ternative1 is the latest proposal of theUSACE,whichconsistsof a twin-dunesystemwith twosanddunes.
The highest crest has a height of 4.26𝑚 +MSL. Alternative 2 is a single sand dune with a considerably
larger height of 7.5𝑚. This alternative was proposed by Luis Galvez. Alternative 3 is a hybrid dune with
concretecore,witha totalheightof6.5𝑚. Alternative4 issimilar toalternative3,butwithaclaycore instead
of concrete. Its height is the same as for alternative 3.

2 What are the main requirements for the land barrier at theWest End when analyzing technical and
sociopolitical criteria?

Themain requirements for the land barrier were formulated as follows:

• The landbarrier shouldbeable towithstandstormsurge inorder toprotectGalveston Islandand the
GalvestonBay area. Thismeans that the overflow rate into the Island and theBay is limited.

• The construction of a land barrier should not lead to an increase in problems related to rainfall at the
West End.

• The required post-storm dune maintenance should be minimal in order to maintain a decent storm
surge capacity.

• The landbarrier shouldbeacceptedandsupportedbyvariousstakeholders, consideringapurpose-
ful stakeholder prioritization.

32
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• The organizational approach needs to be an holistic project-operating system in order to improve
the performance on predictability andmaintenance.

The different alternatives identified in sub-question 1were assessed based on the first four criteria identi-
fied in sub-question 2. This allowed to answer themain research question.

The 0-option and the alternative proposed by the USACE do not meet the main requirement to prevent
storm surge from overflowingGalveston Island into the Bay. Both alternatives completely flatten out for a
50 year storm event. This shows that action should be taken with respect to the current situation, but the
twin-dune design does not meet storm surge capacity for a 50 year storm in its current form. The other,
higher alternatives 3, 4 and 5 perform better.

Rainfallcapacitywasevaluatedwiththerequirementnot toaggravatethecurrentrainfallcapacityatGalve-
ston IslandWest End. Noneof the dunealternativesmet this requirement. Due to obstruction of drainage
paths,allalternatives ledtoanincreaseinpondingvolume. Solutionstosolvethis issueneedtobeproperly
designed andmight lead to an increase in beachwater quality.

The requirement for maintainability is related to erosion of beach and dunes and mainly focuses on the
post-storm recoverymaintenance. In caseof a stormsurgeevent, alternative 1 completelywashesaway,
while alternatives 2, 3 and 4 show low amounts of erosion. Therefore, less sand is needed for restoration
of thedune to its current state. Alternative2and thehybriddunealternativesarepreferred for this criterion
due to their performance.

Sociopolitical acceptability was analyzed with a focus on the residents of the West End. For them, the
height of thedune is a limitation. Therefore, lower dunes score better on this criterion thanhigher alternat-
ives. Nevertheless, only the 0-option completely fulfills the requirement in theway it was assessed in this
report. This resembles the opinion of the people the research team has spoken to: local residents would
prefer to keep things as they are.

From the results it can clearly be concluded that alternative 2 with a height of 7.5𝑚 scores well on storm
surge coping capability, but that this results in difficulties regarding accessibility, fitting and effects on the
line of sight. This puts an emphasis on the importance of the role of this barrier. Priorities should be clear
in order to determine the height that still fulfills themain function of the barrier.

Based on the conclusions of the main research question, the third sub-question can be answered. The
third sub-question is stated oncemore and answered accordingly.

3 What guidelines should be considered for design, maintenance and governance for a future proof
engineered dune barrier at theWest End?

The guidelineswere formulated as follows:

• The main purpose of the land barrier is to prevent storm surge from overflowing the West End of
Galveston Island, as a part of a complete coastal spine that protects the Bay area in case of a hur-
ricane. This primary function requires certain minimum dimensions to guarantee the desired level
of storm surge capacity for the area that is to be protected. This report did not quantify these dimen-
sions, although it did show that the current designof theUSACEdoesnotwithstanda50year storm.
As a guideline, a dunewith a significant higher elevation is advised by the research team.

• The final plan for the dune barrier should include a solution for increased ponding volumes due to
obstructed drainage paths. This can be done by the capture and redirection of stormwater or incor-
porationof drainagesolutions into thedesignof thedunesystem. The latter seems tobeparticularly
interesting because diversion of stormwater is a very large and costly operation.

• Regardless of the dune system chosen eventually, it is advised to clearly define the area that is to
be protected from storm surge events by a dune system on Galveston Island. A clear definition of
the dune system protection allows for a clear stakeholder prioritization. All stakeholders can and



34

need to be involved in the process, though some only require to be informed and others require to
be actively involved in the design process. If the dune system should have the role of defending
the whole Galveston Bay area from severe floods during storm surge events, stakeholders on the
GalvestonWest End should not be considered as priority stakeholder group.
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Recommendations

This chapter consists of recommendations regarding improvement of further research on an optimum
design for the dune systemat theWest End ofGalveston Island.

• It is recommendedtoconsiderandthoroughlystudyonthe impactofanyof theproposedalternatives
on the ecology of theGalveston IslandWest End. It is advised to focus on the beach salinity, beach
circulation and effects on specific fishing industries (such as shrimp, oysters) and native species
to Galveston Island, for example the sea turtles and dolphins. An outcome on these effects can
ultimately result in a comparison between these alternatives on ecological scale.

• Acostevaluation forboth theconstructionandmaintainabilityof thedunesystemalternativesshould
bemade in order tomake amonetary evaluation.

• The effect of a clay core inside a hybrid dune should be tested and evaluated, in order to determine
if the assumptions that weremade in this report (that clay reacts similar to the concrete core), were
correct or incorrect.

• A combination of alongshore erosion rates from the Galveston Island and the effect of dune ve-
getation should be determined. An evaluation of the alongshore erosion consequences should be
modeledfor thedifferentproposedalternatives, inorder todeterminehowmuchartificialdunerestor-
ation would be needed to retain the preferred storm surge coping capacities. Consequently, these
results can be used to determine the costs required for maintenance. This includes regular and
post-storm recoverymaintenance for each dune alternative.

• It should bemade clear what the exact role of the dune systemwould be. Howmuchwater should it
retain? Howmuch risk would this reduce for the entire area? With the answers on these questions
a better substantiated stakeholder prioritization could be set up.

• The alternatives should be tested upon hurricanes occurring in succession, which is not unusual in
the Gulf of Mexico. This test provides insights in how the various alternatives perform reoccurring
hurricanes. It isexpectedthat in thesetests thealternativeswithasolidcore isgoingtoperformbetter
than the oneswithout, since a certain level of protection, given by the hardened core, is projected to
remain.

• In further studies, it is important to not only take into account stakeholders from theGalveston Island
butmake the stakeholder scopeas large aspossible. Only then thebigger picture could bemapped
well and certain opinions could be placed in a better perspective.

• Testswithdifferent depthsof sandcover shouldbeexecuted, inorder togainmoreknowledgeabout
the performance of the hybrid dune option. Also research should be done on an optimum shape of
the hardened core. Furthermore, the exact effects of a hybrid dune system on processes close to
the dune should be figured out aswell as the potentials of a hybrid clay core system. Different scale
models can give insights about the optimumperformance of a hybrid dune.

• In further studies it is recommended to inspect more transects across the island instead transects
limitedtofive in thisstudy. This isprojectedtoresult invaryingconditionsandthusrequiringasolution
best fit for every set of conditions.

• It is recommended to execute model runs or tests with the combined effects of rainfall and storm
surge in order to get insight into the performances of a certain alternative on this criterion.
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A
Reference projects

This appendix consists of several projects that are relatable to aspects of the study. This can be on the
level of policy, construction and added value.

A.1. Hondsbossche Zeewering
TheHondsbosscheandPettemerZeewering is a5.5𝑘𝑚 longdikealong theNorthSea in theNetherlands.
Its original layout originates from 1880 and the structure did not meet the safety standard for wave over-
topping. The reinforcement planof thedikewascreated: this plan consistedof a beach in front of thedike.
Thehybrid solutionof a softmeasure to reinforceanexistinghardstructure is an innovativeconcept. Over
40million𝑚ኽ of sand has been deposited to create a beach that reduces the overtopping of the existing
dike. Maintenance of the coastline for 20 years is implemented in this project (Witteveen+Bos, 2016).

A.2. Room for the River programme
TheRoom for theRiver programme is theDutch approach to solve risk for floodingwithin theNetherlands
Rijke et al. (2012). The Room for the River programme used nine nature-based solutions to lower water
levels and was a large success due to its strong institutional co-operation and public support. This new
governanceapproachwasadoptedby theMinistryof InfrastructureandEnvironmentandRijkswaterstaat
(theexecutivearmof theDutchMinistryof Infrastructureand theEnvironment,which is responsible for the
design,construction,managementandmaintenanceofthemaininfrastruturefacilitiesintheNetherlands).

The recentlyestablishedDeltaProgramme(2009-2015) isusingRoomfor theRiverasanexample forde-
veloping integrated strategies and governance. Rijke et al. (2012) states that Room for theRiver plays an
important role in a transition to integrated river basinmanagement in theNetherlands. As t has overcome
thegapbetweenpractical implementationof integrated riverbasinmanagementandstrategicpolicy. This
isdoneby introducing the following fourprocess factors (leadership, capacitybuildinganddemonstration,
public engagement and research) to enable an integrated approach through stimulating multi-level gov-
ernanceapproachesandcollaborativeapproacheswhichare required for integratedwatermanagement.

A.3. I-STORM, International Network of Storm Surge Barrier
The I-STORMnetworkunitespublicadministrationsofcountries thatbuild,manage,operateandmaintain
moveable stormsurgebarriers. Thenetworkaims toshareandexchangeexperiencesandknowledgeon
operationsandmaintenanceof largemovablestormsurgebarriers inorder tooptimise themanagementof
barriers in an innovativeway. I-STORMhelps itsmembers to accomplish thehighest levels of operational
safety and reliability to protect people and property against severe floods I-STORM (2020).

The I-STORMnetwork is founded in 2006, as a joint initiative of: Rijkswaterstaat, Waterboard Groot Sal-
land(theNetherlands)andMagistratoalleAcquediVeneziaNuova(Italy) I-STORM(2020),Environmental
Agency (UK) and St.Petersburg barrier authority of the Ministry of Regional development (Russion Fed-
eration). Recently barrier managers fromNewOrleans (USA) and Emssperrwerk (Germany) have been
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participating in some of the network activities. Since the I-STORMnetworkwas established in 2006, sev-
eral activities have been taking place. Each year anAnnual Conference is organised duringwhich barrier
managersmeet and discuss different topics of similar interests.

The I-STORM network works according to the principles of a Community of Practice and therefore cuts
across political barriers and interests. Themembers of I-STORMare all responsible for storm surge bar-
riers. From this mutual interest, they share and exchange concerns, problems, successes and lessons
learned. Looking to enhance their knowledge. The members find that interacting regularly with peers
fromsimilar organisations abroad helps build their understanding and expertise on largemoveable storm
surgebarriers I-STORM(2020). Working together, theydeveloppractices thathelp toestablishacommon
knowledge. Passion and commitment for the operations, maintenance and development of storm surge
barriers is what holds the network together.

A.4. Louisiana‘sComprehensiveMasterPlanforaSustainableCoast
Louisiana‘s ComprehensiveMaster Plan for a Sustainable Coast was initiated byCoastal Protection and
RestorationAuthority (CPRA)of Louisiana toevaluate theperformanceof potential protectionand restor-
ation projects on the LouisianaCoast for the next 50 years (Coastal Protection andRestoration Authority
of Louisiana, 2012). CPRA is established as Louisiana‘s single state entity with authority to develop,
implement, and enforce a comprehensive coastal protection and restorationMaster Plan.

A.4.1. Importance of coastal protection & restoration
The endurance of Louisiana’s communities and economy is deeply connected to the health of the coast
and its wetlands. To this end, the State of Louisiana and its partners are planning and building a compre-
hensive, coordinated suite of projects to simultaneously reduce risks to communities and infrastructure
while also enhancing the surrounding coastal habitats and natural resources.

ThesustainabilityofcoastalLouisianarequires therestorationofnaturalprocesses thatdrive landbuilding
in theMississippi River Delta and ensuring thatmeasures taken to reduce flood risks are integrated prop-
erly. Through the Coastal Master Pan, the state of Louisiana continues to develop and refine a systems-
based approach to protect and restore Louisiana‘s coast. This approach involves building a network of
projects thatwork together toreducefloodrisk tocommunitiesand industries, restorewetlandsandnatural
resources, and support the livelihoods of thosewho live andwork along the coast.

If no action is taken to protect the coast, Louisiana’s culture, economy, and environment will compute ex-
perience widespread negative impacts. Coastal Master Plan seeks to address these impacts and make
people, businesses, industries, and the environmentmore resilient. There has never been amore critical
time tomakemeaningful progress to preserve our wetlands and communities depend on them.

A.4.2. Innovation in research and planning
In order to address the land loss crisis, the state is helping to create innovative solutions, drawing upon
a wealth of homegrown expertise in planning, design, engineering, and science. Much of these work is
happeningat theWaterCampus inBatonRouge–an ‘incubationhub’whereworld classexperts convene
to develop new technologies and techniques to address the problem. These innovation not only serve to
address challenges facing the coast, but they are also generating a knowledge base that can be exported
to other areas of theworld facing similar challengeswith coastal issues.

TheCoastalMasterPlan isdesigned toprovide the leadershipneeded tosaveLouisiana’scoast. Theplan
sets forth goals and objectives that reflect the key issues affecting people in and around Louisiana coast.
The approach to coastal protection and restoration is founded on state-of the-art science and analysis
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through theCoastalMasterPlan, aswell asstudieson theeffectsofprojects in localareas. CoastalLouisi-
ana is also developing the technological tools and expertise to lead such research and planning efforts
around the nation andworld.

Monitoring
Following the construction of a project, continuous study of conditions, performance, and impacts are
crucial to understanding the success of specific coastal restoration and protection strategies. Monitoring
involves frequent documentation of the properties andoutcomesof the project, the conditions of the infra-
structure involved,aswellaschangingenvironmental conditionsandhumanactivities thatcould influence
projectperformance. Thisprocessserves toguideandoptimizeplanninganddesign for future restoration
projects, and to adjust current projects as needed.

Operations andMaintenance
Once a project is constructed, it undergoes continuous operation and maintenance processes that vary
depending on project size, type, and location. Protection project require constant maintenance and are
operated according to specific protocols. Restoration projects that involvemodifications to natural hydro-
logymay requirebreachinganddegradingof spoil banksandearthencontainment levees. Barrier Islands
typically includevegetativeplantingsandsandfences that require routinemaintenanceandreplacement.

Data collection
Inadditiontobuildingprojects,CPRAis investing inprogressive, long-termmonitoringactivities thatmeas-
ures change along our coast and evaluate the overall effectiveness of Louisiana’s coastal protection and
restoration efforts. Robustmonitoring ensures a comprehensive network of coastal data collection activ-
ities is in place to support the continued development, implementation and adaptive management of the
coastal protection and restoration program.

AdaptiveManagement
It is not possible to predict with certainty how the Louisiana coast will change under future coastal con-
ditions, with or without additional risk reduction and restoration projects. Adaptive Management means
using thebestavailable technical, ecological, economic,andsocial information tocaptureand incorporate
lessons learned, improve future plans and projects, and optimize operations of existing projects.

A.5. Dune infiltration system in Kure Beach, North Carolina
Adune infiltrationsystem(DIS) isanexampleofameasure to loosestormwater runoffbasedon infiltration.
Three of these systemswere implemented at Kure Beach, North Carolina.

A.5.1. Function
All information in this paragraph is derived fromBurchell et al. (2013).

TheDIS isdesignedasachamberwithanopenbottom. Stormwater runoff isdiverted into thesechambers
via discharge pipes. Water from the chambers infiltrates the soil, spreading out laterally and mixing with
groundwater. Pollutants in the stormwater can be filtered between sand particles, improving on quality of
the water that finally reaches the ocean. Overflow pipes are installed for excess flow as a result of heavy
storms.

The system relies on infiltration. Therefore, the ability of the soil to transport water is important for proper
functioning of theDIS. Values for hydraulic conductivity 𝑘 preferably are in order of 10 to 100𝑚/𝑑. Ideally,
the annualmeanwater table is at least 1𝑚 below the surface.

A.5.2. Performance
AtKureBeach, thesesystemsweredesigned todraincatchmentareasup toapproximately35,000𝑚ኼ. In-
filtrationareasvaryon thenumberof chambersand thecatchment area towhich thesystem is connected.
Data on overflow volumes are available. Overflow is seen as untreated discharge.
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A.5.3. Cost
Cost varied between $4,500 and $7,200 per 10,000𝑚ኼ catchment area, depending on the amount of im-
pervious surface. Larger runoff volumes lead to a larger chamber andmore discharge pipes.



B
Hydrodynamic processes

In this chapter the physical processes, which were resolved by the XBeach model and were used in the
analytical calculations, are elaborated. Simplifications and assumptions relevant for the processes and
equations are described in the different sections. When describing the wave action from different wave
angles, it is important to note that the situation is simplified to processes with an angle of incidence of 0
degrees, thus normally incident on the coast.

B.1. Short wave processes

B.1.1. Wave energy and radiation stress
The total energy balance for waves is given in Equation B.1. When waves propagate towards the coast,
their energy is typically dissipatedwith a decrease of water depth, with wave breaking as a result.

𝛿𝐸
𝛿𝑡 +

𝛿
𝛿𝑥 (𝐸𝑐፠cos𝜃)+

𝛿
𝛿𝑦(𝐸𝑐፠𝑐𝑜𝑠𝜃)=𝑆−𝐷 (B.1)

In which:

𝐸 is thewave energy [𝐽]

𝑐፠ is the group celerity [𝑚/𝑠]

𝜃 is the angle of incidence

𝑆 is the source term of energy [𝐽]

𝐷 is the dissipation term of energy, induced fromwhite capping and bottom friction [𝐽]

Waveschange theirmomentum through in- andoutflowofmomentumwith theparticle velocity or viaanet
wave-inducedpressure force (BosboomandStive, 2015). Thedepth-integratedandwaveaveraged flow
ofmomentum is called the radiation stress, 𝑆፱፱. The radiation stress in cross-shore direction (x-direction)
can be described as follows in Equation B.2 (BosboomandStive, 2015).

𝑆፱፱=(𝑛−
1
2)𝐸+𝑛cos

ኼ𝜃𝐸 (B.2)

In which:

𝑛 is the ratio of group velocity and phase velocity [−].

Ratio 𝑛 is represented in Equation B.3.

𝑛=
𝑐፠
𝑐 (B.3)

In which:

𝑐 is thewave celerity [𝑚/𝑠]
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The ratio 𝑛 increases from ኻ
ኼ to 1 from deep to shallow water, according to linear wave theory as seen in

Equation B.4.

𝑛= 12+(1+
2⋅𝑘ℎ

sinh(2⋅𝑘ℎ)) (B.4)

In which:

𝑘 is thewave number ኼፋ [𝑟𝑎𝑑/𝑚]

ℎ is thewater depth [𝑚]

The radiation stress in longshore direction (y-direction), 𝑆፲፲ and the shear stress 𝑆፱፲ are described as
follows:

𝑆፲፲=(𝑛−
1
2)𝐸+𝑛sin

ኼ(𝜃)𝐸 (B.5)

𝑆፱፲=𝑆፲፱=𝑛cos(𝜃)sin(𝜃)𝐸 (B.6)

With a normal angle of incidence, thus 𝜃=0, the radiation stress terms result to be:

𝑆፱፱=(2𝑛−
1
2)𝐸

𝑆፲፲=(𝑛−
1
2)𝐸

𝑆፱፲=𝑆፲፱=0

Gradients in the radiation stress produces a net force. This is the wave-induced force and in x-direction
this is described by:

𝐹፱=−(
𝛿𝑆፱፱
𝛿𝑥 +

𝛿𝑆፱፲
𝛿𝑦 )

=−(𝛿𝑆፱፱𝛿𝑥 ) for normally incident waves
(B.7)

B.1.2. Wave set-down and set-up
Whenwaves approach the shore, the group number increases in intermediate water depths to one. This
effect also increases the cross-shore gradient of the radiation stress. Further offshore, the group number
in deep water is constant and thus the radiation stress is too. The result is a net force offshore when 𝑆፱፱
increases, see Equation B.7. As a result the water level onshore is slightly lower than the water level off
shore, called set-down. This balance in forces can be described by:

𝐹፱=−
𝑑𝑆፱፱
𝑑𝑥 =𝜌𝑔ℎ𝑑𝜂𝑑𝑥 =𝜌𝑔(ℎኺ+𝜂)

𝑑𝜂
𝑑𝑥 (B.8)

In which:

𝜂 is themean elevation [m]

B.1.3. Wave energy dissipation - wave breaking
Whenwavesapproach theshore, acritical height of thewave foracertaindepth is reached. Waveshigher
than this critical height aregoing tobreak,which results toenergy loss in thewavespectrum. Wavebreak-
ing can be approximated the criterion fromMiche (Equation B.9) and is estimated in respectively in deep
and shallow by:
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[𝐻𝐿 ]፦ፚ፱
=0.142⋅tanh(𝑘ℎ)

[𝐻𝐿 ]፦ፚ፱,፝፞፞፩
=0.142

[𝐻𝐿 ]፦ፚ፱,፬፡ፚ፥፥፨፰
=0.142⋅𝑘ℎ≈0.88⋅ ℎ𝐿

(B.9)

For the shallow water approximation, the breaker criterion, 𝛾, is approximated by Equation B.10, which
relates thewave height to thewater depth:

𝛾=[𝐻ℎ ]=
𝐻
ℎ
≈0.88 (B.10)

In which:
𝐻 is thewave height [𝑚]
𝐻 is the breaker wave height [𝑚]
ℎ is the breaker depth [𝑚]

Thebedslope influences thebreaker height. The Iribarrenparameter is related to thebedslopeandwave
steepness:

𝜉= tan(𝛼)
√𝑆

= tan(𝛼)
√𝐻ኺ/𝐿ኺ

(B.11)

In which:
𝑆 is thewave steepness [ - ]
tan𝛼 is the steepness of the beach [ - ]
𝐻ኺ is thewave height in deepwater [𝑚]
𝐿ኺ is thewave length in deepwater [𝑚] , which can be approximatedwith linear wave theory:

𝐿ኺ=
𝑔𝑇ኼ፩
2⋅𝜋 (B.12)

In which:

𝑇፩ is the peakwave period [𝑠]
FordifferentrangesoftheIribarrennumber,differenttypesofbreakersapply. Thisis illustratedinFigureB.1

Figure B.1: Breaker types and corresponding Iribarren numbers, edited from Fleit (2015).
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B.1.4. Shoaling
If waves move towards a coast while the water depth gets gradually shallower, shoaling will occur (Bos-
boom and Stive, 2015, p. 160). As the waves approach the coast, deep water conditions decrease as
shallow water conditions increase. In other words, the wave propagation speed will decrease, as it gets
negatively affected by the decreasedwater depth. This follows from linearwave theory, represented in its
most simplified form in Equation B.13.

𝑐=√𝑔ℎ (B.13)

In which:

𝑔 is the gravitational acceleration on earth, equal to 9.81𝑚/𝑠

The expression for wave energy is given in Equation B.14.

𝐸= 18 ⋅𝜌𝑔𝐻
ኼ (B.14)

In which:

𝜌 is the density of water, for salt water this is equal to 1025𝑘𝑔/𝑚ኽ

Wave energy can also be expressed as in Equation B.15:

𝐸=𝐷𝑛𝑐 (B.15)

In which:

D is equal to thewave energy per surface area [𝐽/𝑚ኼ]

As the waves travels toward the coast, the wave energy remains the same. This is represented in Equa-
tion B.16, with a substitution of Equation B.14 into Equation B.15. In this and the following equations,
subscript 𝑜 and 𝑛 represent the ”offshore” and ”nearshore” situation respectively.

𝐻ኼ፨𝑛፨𝑐፨=𝐻ኼ፧𝑛፧𝑐፧ (B.16)

Rewriting Equation B.16, with a substitution of Equation B.13 for thewave celerity, 𝑛፨ to its offshore valueኻ
ኼ and 𝑛፧ to its nearshore value 1, results in Equation B.17.

𝐻፧
𝐻፨
=√12 ⋅(

ℎ፨
ℎ፧
)
Ꮃ
Ꮆ

(B.17)

Thus it can be concluded that the wave height increases as wave approach an increasingly shallower
coastline. This is the phenomenon known as shoaling. Note that the used equations in this section are a
simplification, used to qualitatively explain the phenomenon of shoaling.

B.2. Long wave processes
As discussed in Section 4.1, long wave motions play a significant role in the erosion of dunes. These
motionsarediscussed in thissection. Long(infragravity)wavesaregeneratedbyvariations inwaveheight
in time and space (i.e. wave groups). The radiation stress varying onwave group timescale is given by:

𝑆፱፱(𝑥,𝑡)=(2⋅𝑛−0.5)𝐸(𝑥,𝑡)=(2⋅𝑛−0.5)(�̄�+�̂�𝑐𝑜𝑠(Δ𝜔𝑡−Δ𝑘𝑥)) (B.18)

In which:

𝐸 is the total time varyingwave energy [𝐽]

�̄� is a constant wave energy [𝐽]
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�̂� is a fluctuatingwave energy [𝐽]

𝜔 is the radial frequency [𝑑𝑒𝑔𝑟𝑒𝑒𝑠/𝑠𝑒𝑐𝑜𝑛𝑑]

This formula includes, in addition to Equation B.2, the variations of wave energy on the samewave group
timescale of the bichromatic waves. The response of the surface elevation under thewave group is given
by:

𝜂፥,(𝑥,𝑡)=
−(2⋅𝑛− ኻ

ኼ)

𝜌(𝑔𝑑− ጂᎦᎴ
ጂ፤Ꮄ )

�̃�(𝑥,𝑡) (B.19)

In which:

𝜂፥, is the surface elevation induced by the bound longwave [𝑚]

�̃� is sumof the variations in wave energy in thewave group [𝐽]

Theminussign indicatesa reverse relationbetween thewaveenergyand thesurfaceelevation. Note that
the closer the last part of the denominator gets to𝑔𝑑, the larger the longwave amplitude gets.

Whenwavegroupsenter thesurfzone,wavebreakingreduces thegroupiness. Thebound longwavesget
decoupledfromthewavegroupsandtransformintofreelypropagatinglongwaves. Thespeedofthesefree
longwaves is no longer controlledby thepropagation speedof shortwaveenergy, instead theypropagate
with the speedgivenby thedispersion relation. As thewave length of the longwave is very long in shallow
water, this celerity matches 𝑐 = (𝑔ℎ)ኺ.. There is a difference between the depth-dependency of bound
longwaves and freely propagatingwaves. The depth-dependency of the bound longwave is given by:

�̂�፥,≈ℎዅ/ኼ (B.20)

The depth-dependency of the freely propagatingwave is given by:

�̂�፥,፟≈ℎዅኻ/ኾ (B.21)

This results in a difference between the amplitude of the incoming and reflective longwave, which can be
seen in Figure B.2.

Figure B.2: Amplitude change near shore, edited from de Schipper (2019).

B.3. Wave overtopping, overwash & inundation
Aseverestormcandamagetheduneandevenresult todestructionof thedunesystem. Waveovertopping
can be a result of a storm with high surge and wave height. As discussed in Section 4.1, overwash is not
calculated on its own, but processed in XBeach. The soil transport itself is evaluated in Appendix B.4.
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The general description of the overtopping quantity is given byEquation B.22:

𝑄=𝑎⋅exp(−𝑏 𝑅
𝛾፨፯፞፫፭፨፩፩።፧፠

) (B.22)

In which:

𝑄 is the dimensionless overtopping:

𝑄= 𝑞
√𝑔𝐻ኽ፬

√𝐻፬/𝐿ኺ
tan𝛼

𝑅 is the dimensionless freeboard:
𝑅= ℎ𝐻፬

1
𝜉

ℎ is the crest height, which is the difference in height between the maximum height of the dune
alternative and the storm surge level [𝑚]

𝛾፨፯፞፫፭፨፩፩።፧፠ is the combined factor for the berm , roughness and incoming angle of attack, which is
set to 1[ - ]

B.4. Bed load and sediment transport
In this section the key elements of sediment transport are briefly discussed. The magnitude of sediment
transport is for the most part dependent on the sediment properties: grain size, density and settling ve-
locity. The settling velocity is an important characteristic of a particle: it says something about the time it
takes for a particle to settle. The two important basic equations, which apply to the forces on a sediment
particle are given in Equation B.24 andEquation B.23:

𝐹ፆ=(𝜌፬−𝜌)𝑔(
𝜋
6𝐷

ኽ) (B.23)

In which:

𝐹ፆ is the downward directed gravity force on a sphere [𝑁]

𝜌፬ is themass density of the particle [𝑘𝑔/𝑚ኽ]

𝜌 is themass density of the surrounding fluid [𝑘𝑔/𝑚ኽ]

𝐷 is the particle diameter [𝑚]

𝑔 is the acceleration of gravity [𝑚/𝑠ኼ]

𝐹ፃ=
1
2 ⋅𝐶ፃ𝑤፬

ኼ(𝜋4𝐷
ኼ) (B.24)

In which:

𝐹ፃ is the upward directed drag force [𝑁]

𝐶ፃ is the drag coefficient [ - ]

𝑤፬ is the particle fall velocity [𝑚/𝑠]
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Sediment canonlybe transported if theshear stress 𝜏, exertedby thewavermovement, is larger than the
critical shear stress 𝜏,፫ of a particle. If this is the case, the particlesmove or roll. The Shields parameter
𝜃፫ is used in the Shields curve to indicate whether a sediment particle moves or is in rest. The Shields
parameter is given byEquation B.25:

𝜃፫=
𝜏,፫

(𝜌፬−𝜌)𝑔𝐷
=𝐶 (B.25)

In which:

𝐶 is a constant, which has to be determined experimentally

In Figure B.3 the plotted line indicates initiation of motion. A value for the Shields parameter higher than
this bandmeansmovement of particles, whereas the area underneath the band indicates nomotion. On
the x-axis theReynolds numbers is plotted.

Figure B.3: Shields curve, edited from Rye et al. (2006).

It is important to note that there are two different modes of sediment transport: bed load and suspended
load. The bed load consists of the particles which are transported close to the bed, whereas suspended
load consists of the sediment particles suspended in the water without any contact with the bed. In Fig-
ure B.4 the distinction between suspended en bed load can be clearly seen. Moreover, the velocity and
concentration profile of the sediment particles in the vertical direction are also visible.

Figure B.4: Bed load versus suspended load, from Coastal Wiki (2020).
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B.5. Avalanching
Avalanching can occur due to two different failure nodes, which are shear type and beam type failure.
Shear failure isexpected tooccur for theprocesswhen theweightof theoverhangdue todune footerosion
(notching)exceeds theshearstrengthof thesediment. It slidesdownas indicated inFigureB.5.a,b. Beam
type failure occurswhen the tension cracks develop landward of the face of the dune and the failure block
either rotates Figure B.5.c or slides downward Figure B.5.(Erikson et al., 2007)

Figure B.5: Failure nodes avalanching , showing shear- and beam-type failure mechanisms Erikson et al. (2007).

B.6. Stability of waves, protection without sand cover
Thestability forbreakingwavescanbedescribedusing theequationsdeterminedbyVanderMeer (1988).
From this equation the critical significant wave height for the specific damage level and other breakwater
specifics,𝐻፬, can be determined. These equations are given in Equation B.26:

𝐻፬
Δ𝐷፧ኺ

=6.2⋅𝑃ኺ.ኻዂ( 𝑆
√𝑁

)
ኺ.ኼ
𝜉ዅኺ. (plunging breakers)

𝐻፬
Δ𝑑፧ኺ

=1.0⋅𝑃ዅኺ.ኻኽ( 𝑆
√𝑁

)
ኺ.ኼ
𝜉ፏ√cot𝛼 (surging breakers)

(B.26)

In which:
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𝐷፧ኺ is themedian nominal rock size diameter [𝑚], which is related to 𝑑ኺ by (Schiereck and Verha-
gen, 2016, p.358):

𝐷፧ኺ≈0.84⋅𝐷ኺ

𝑃 is the porosity of the structure [ - ]

𝑆 is the damage level [ - ]

𝑁 is the number of waves [ - ]

Δ is the relative density [ - ]

The calculation of the relative density Δ is given in Equation B.27

Δ=(𝜌፬−𝜌፰𝜌፰
) (B.27)

In which:

𝜌፰ is the density of salinewater, equal to 1025 𝑘𝑔/𝑚ኽ

𝜌፬ is the density of the solids [𝑘𝑔/𝑚ኽ]

Thetransitionbetweenthetwoequations inB.26 is foundbyequatingthem,whichresults inEquationB.28:

𝜉፭፫ፚ፧፬=[6.2⋅𝑃ኺ.ኽኻ√tan𝛼]
( Ꮃ
ᑇᎼᎲ.Ꮇ ) (B.28)

B.7. Analytical approach wave overtopping and stability of waves
This section consists of multiple calculation steps to ultimately come to the wave overtopping rates and
the critical significant wave height for the concrete and clay cores.

B.7.1. Iribarren numbers
The Iribarren numbers for the different options and probabilities need to be determined in order to cal-
culate the wave overtopping and critical significant wave height for the different options. The Iribarren
number is determined from the wave steepness 𝑆 and the slope of the dune, as given in Equation B.11.
The wavelength can be determined from linear wave theory, as described by Equation B.12 and with the
input values of Table H.1 for the different probabilities:

𝐿ኺ,ኻኺ=
𝑔𝑇ኼ፩,ኻኺ
2⋅𝜋 𝐿ኺ,ኺ=

𝑔𝑇ኼ፩,ኺ
2⋅𝜋 𝐿ኺ,ኻኺኺ=

𝑔𝑇ኼ፩,ኻኺኺ
2⋅𝜋

𝐿ኺ,ኻኺ=194.45𝑚 𝐿ኺ,ኺ=100.67𝑚 𝐿ኺ,ኻኺኺ=100.67𝑚

Resulting in awave steepness of:

𝑆ኻኺ=𝐻፬,ኻኺ/𝐿ኺ,ኻኺ 𝑆ኺ=𝐻፬,ኺ/𝐿ኺ,ኺ 𝑆ኻኺኺ=𝐻፬,ኻኺኺ/𝐿ኺ,ኻኺኺ
𝑆ኻኺ=0.0244 𝑆ኺ=0.0606 𝑆ኻኺኺ=0.0654

The Iribarren numbers can be calculated from the different slopes of the dunes:

𝜉ኻኺ=
tan𝛼
√𝑆ኻኺ

𝜉ኺ=
tan𝛼
√𝑆ኺ

𝜉ኻኺኺ=
tan𝛼
√𝑆ኻኺኺ
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Theslope𝛼hasbeencalculatedover thewholetoesideof theduneandhasbeensummarizedinTableB.1.

Table B.1: Slopes of the different dune alternatives.

0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
𝛼 0.0327 0.155 0.159 0.149 0.149
𝜉ኻኺ 0.209 1.00 1.03 0.961 0.961
𝜉ኺ 0.133 0.63 0.651 0.609 0.609
𝜉ኻኺኺ 0.128 0.611 0.627 0.587 0.587

B.7.2. Wave overtopping
Waveovertoppingdischargespermwidth𝑞canbedeterminedwithEquationB.22andB.3. Thesignificant
wave height is taken fromTableH.1. Combining the latter two equations results in an expression for 𝑞:

𝑞=𝑄√𝑔𝐻ኽ፬√
𝐻፬/𝐿ኺ
tan𝛼

𝑞=𝑎exp(−𝑏 𝑅
𝛾፨፯፞፫፭፨፩፩።፧፠

)√𝑔𝐻ኽ፬√
𝐻፬/𝐿ኺ
tan𝛼

Now the dimensionless freeboard𝑅 needs to be calculated. An expression for this is the following:

𝑅= ℎ𝐻፬
1

𝜉፩፫፨ፚ።፥።፭፲

𝑅=
ℎ፦ፚ፱,ፚ፥፭፞፫፧ፚ፭።፯፞−𝑆𝑆𝐿፩፫፨ፚ።፥።፭፲

𝐻፬
1

𝜉፩፫፨ፚ።፥።፭፲

The different crest heights are given in Table B.2.

Table B.2: Crest heights for the different options and probabilities.

0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
ℎ,ኻኺ [𝑚] 1.87 3.66 6.86 5.86 5.86
ℎ,ኺ [𝑚] −1.11 0.68 3.88 2.88 2.88
ℎ,ኻኺኺ [𝑚] −2.13 −0.86 2.86 1.86 1.86

For the parameters 𝑎 and 𝑏 it is key to knowwhether the breaker is a plunging or surging breaker. As the
Iribarrennumbersare<<5, it canbesaid that thebreaker functionsasaplungingbreaker,meaning that𝑎
equals0.067and𝑏equals4.75. Theovertopping rateswerecalculatedwith thepreviouslycomputed input
parameters in this Appendix. A negative crest height resulted in high overtopping rates and these are left
outof the results. The resultingovertopping rates in l/spermwidtharegiven inTableB.3. Theovertopping
rates for the concrete or clay core have also been determined. Comparedwith the hybrid core option, the
only change is themaximumheight, which is 2.2𝑚 lower thanwith sand on top of the core.

Table B.3: Overtopping rates in ፥/፬/፦ width per probability.

0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4 Core only
𝑞ኻ/ኻኺ 362 110 6.85 11.9 11.9 118
𝑞ኻ/ኺ - 2039 49.6 126 126 2086
𝑞ኻ/ኻኺኺ - - 206 544 544 -
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B.7.3. Stability of waves, hybrid dunes
FromEquationB.26 thecritical significantwaveheight for thedifferenthybridduneoptionscanbedeterm-
ined. This specific wave height is calculated from a specified number of waves and a damage level that
has been reached, which are 3000waves and a damage level of 2. This corresponds to a damage level
for initial damage (van der Meer, 2017). This level is a precautionary level, as the quality of the concrete
and clay core cannot beguaranteedandmight havebeendamageddue to different failure processes, out
of the scopeof this researchproject. Thecohesionof clayand the strengthof concretehasnot been taken
intoaccount,which is the reason thatbothnominaldiametershavebeenseton thenominaldiameterof the
sand on the dune. Furthermore, the density of the solids is assumed to be 2650𝑘𝑔/𝑚ኽ, which is a typical
design value for thematerial.

One Iribarrennumberhasbeenset fordesignpurposes. This is𝜉ኻኺ, resulting in thesmallestwaveheights.
The input values for the calculation of the significant critical wave height are given in Table B.4.

Table B.4: Input parameters stability waves concrete core.

Parameter Symbol Value
Damage level [ - ] 𝑆 2
Median stone diameter [𝑚𝑚] 𝐷፧ኺ 0.84⋅0.150=0.126
Number of waves [ - ] 𝑁 3000
Permeability concrete [ - ] 𝑃፨፧፫፞፭፞ 0.6
Permeability clay [ - ] 𝑃፥ፚ፲ 0.1
Slope factor of the core [ - ] 𝛼 0.16
Relative density [ - ] Δ ኼዀኺዅኻኺኼ

ኻኺኼ =1.59

𝐻፬
Δ𝐷፧ኺ

=6.2⋅𝑃ኺ.ኻዂ( 𝑆
√𝑁

)
ኺ.ኼ
𝜉ዅኺ.

𝐻፬=Δ𝐷፧ኺ ⋅6.2⋅𝑃ኺ.ኻዂ፦ፚ፭፞፫።ፚ፥(
𝑆
√𝑁

)
ኺ.ኼ
𝜉ዅኺ.ኻኺ

𝐻፬=0.126⋅6.2⋅𝑃ኺ.ኻዂ፦ፚ፭፞፫።ፚ፥(
2

√3000
0.961ዅኺ.)

Table B.5: Critical significant wave height for the concrete and clay core.

Clay Concrete
𝐻፬ [𝑚] 1.07 1.47



C
Hydrologic analysis

C.1. Hydrological processes
In this section the hydrological processes relevant for the design andmaintenance of the land barrier are
discussed. For thispurpose, thedifferent components thatare relevant for thewaterbalanceofGalveston
Island are explained.

C.1.1. Climate
The climate at Galveston Island is classified as subtropical, the climate type that prevails in all Gulf Coast
states (Bailey,2009). Thisclimatecomesgenerallywithhotandhumidsummers, andcold tomildwinters.
FigureC.1 shows themonthly precipitationdepthandmaximumandminimum temperature forGalveston
throughout the year. Low and high temperatures vary between 10 to 32°C (or 50 to 89°F). There is no
observable dry season,which is common for a subtropical climate (Bailey, 2009). Hurricanesand tropical
storms are common in this region. Muller (1977) classified these storms as a specific weather type for the
region, highlighting their frequency of occurrence.

Figure C.1: Monthly
precipitation depths in inches and minimum and maximum temperatures in °F for Galveston Island (U.S. Climate Data, 2020)

C.1.2. The water balance
Thewaterbalanceisaquantitativewaytoanalyzehydrologicalfluxesforaspecifiedarea,basedonconver-
sationofmass. This law implies that the totaldifferencebetweenthe incomingandoutgoing fluxesofasys-
temisequal to thechange instoragewithin thatsystem. Ingeneral, thiscanbeexpressedbyEquationC.1:

Δ𝑆=𝑄።፧−𝑄፨፮፭ (C.1)

In which:

Δ𝑆 is the change in storage [𝑚ኽ/𝑠] or [𝑚]

57
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𝑄።፧ is the sumof the incoming fluxes [𝑚ኽ/𝑠] or [𝑚]

𝑄፨፮፭ is the sumof the outgoing fluxes [𝑚ኽ/𝑠] or [𝑚]

Thewater balance is applicable on a system bounded in space by a specific area and bounded in time by
a specific duration. Therefore, all components [𝑚ኽ/𝑠] can be expressed in unit of height [𝑚] by dividing
each component by the area [𝑚ኼ] and the duration [𝑠]. This research primarily focuses on water that sits
on top of the soil. Therefore, the system is bounded by the ground level and hydrological processes that
take place in the ground (e.g. groundwater flow, percolation) are not discussed.

𝑄።፧ isprimarilydeterminedbyprecipitationatGalveston Island,due to the relativelysmallareaand intense
rains. Byneglecting the subsoil hydrological processes,𝑄፨፮፭ is dominatedbyevaporation, infiltrationand
runoff.

C.1.3. Precipitation
Galveston Island receives high precipitation depths, with a yearly average of approximately 1100mmand
a peak in September (see Figure C.1). This peak coincides with hurricane season, but high precipitation
depths can be observed regardless of the occurrence of a hurricane. Based on data provided by the Na-
tionalOceanicandAtmosphericAdministration (NOAA), precipitationdepthsof 75-100mminonedayare
notuncommonduringmostyears(NOAA,2020b). Ingeneral, liftingofair is themost importantmechanism
that results into precipitation. Different lifting mechanisms can be distinguished: convection, orographic
lifting, frontal lifting, cyclones and convergence. Convective clouds are the predominant cloud type dur-
ing thewarmest eightmonths of the year (March-October) in Texas, and are therefore responsible for the
largest part of the precipitation (Texas Department for Licensing and Regulation, Weather Modification,
n.d.). According to Luxemburg andCoenders (2017), intensities of convective rainfall events can be very
high locally, but duration is generally short. The drier period between February and April still receives
approximately 65mmof precipitation eachmonth, which can be considered significant.
One way to address precipitation rates is in the form of Intensity-Duration-Frequency (IDF) or Depth-
Duration-Frequency (DDF) curves. IDF-curves relate the intensity of a precipitation event to the duration
and return period of the event. Higher intensities for the same duration have larger return periods. This
curve therefore varies for different return periods. ADDF-curve is based ona similarmechanism, relating
precipitation depth to duration and return period. The precipitation depth is obtained by multiplying the
intensity andduration. These curves can formabasis for the design of drainage infrastructures, using the
precipitation characteristics that belong to the return period of interest. The curves are developed based
on historic data.

The IDF- and DDF-curves belonging to Galveston Island are given in Figure C.2. These curves were
developed based on data of Scholes Field Weather Station, located at Scholes Airport. As can be seen,
intensities decreasewhen the duration of the shower increases.
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Figure C.2: Depth-duration-frequency curves (top) and
intensity-duration-frequency curves (bottom) for Galveston Island (NOAA Atlas 14, 2014).

C.1.4. Evaporation
Evaporation is generally determined in𝑚𝑚/𝑑, and rates depend on evaporation surface, solar radiation
and atmospheric conditions such as relative humidity and temperature. Dry, sunny weather provides
ideal conditions forwater to evaporate. Rain events however lead to a drop in evaporation rate, due to the
decrease of temperature and the increase of relative humidity.

C.1.5. Infiltration
Infiltration is theprocessbywhichwateron thegroundsurfaceenters theunsaturatedsoil. Infiltration rates
are influenced by soil characteristics, soil moisture content, land cover and slope.

Soil type
Figure C.3 shows soil types at Galveston Island. The dominant soil type at Galveston Island is a Mus-
tang - Galveston mixture. Only at the bayside, the soil consists of a Placedo - Tracosa - Veston soil mix
(Crenwelge et al., 1988). According to the study of Crenwelge et al. (1988), the soil is rapidly permeable
but poorly to somewhat excessively drained. The latter means that the soil is saturated frequently. The
Galveston Park Board, the governmental entity that is amongst others responsible for maintenance and
supervision of the beaches, classifies the dominant soil type asMustang Fine Sand, stating that this type
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of soil is “generally described as having a 0 to 1% slope in topography, poorly drained ... due to the high
water table (found at 0 to 15.6𝑐𝑚), and very low available water capacity” (Howard et al., 2013).

Figure C.3: Geology of the Galveston County (Crenwelge et al., 1988).

Land cover
Infiltration rates are higher in natural landscapes compared to urban areas. Much of the land surface in
(sub)urban areas is covered by buildings and pavement, which do not allow rain to soak into the ground.
The West End is less densely developed than the main residential area, but urbanized areas still affect
infiltration potential.
Becauseof the highgroundwater table,Galveston Islandpossessesover a very small storageavailability
in the soil. In combination with a significant area with developed land cover and a poorly drained soil, this
leads to very low infiltration rates.

C.1.6. Runoff
Due to low infiltration rates and evaporation rates during rainfall events, a large part of the rainfall is trans-
portedabove thesurface in the formofoverland flow. Extensivedrainagesystemsaredesigned toconvey
theseincreasedamountsofrunoff(USEPA,2003). Thelackof infiltrationcapabilityandevaporationduring
rain events results in large runoff rates onGalveston Island.

C.2. Stormwater at the West End
Partof theCityofGalveston isconnected toaseparatestormseweras itsprimaryconveyancesystem,but
this part is limited to the area East of Scholes Airport and North of Seawall Boulevard. TheWest End and
Pelican Island generally are not equippedwith a storm sewer, but rely on open channel collector systems
with culverts and/or bridges, and some supplemental sewer systems (City of Galveston, 2003).

The report “Drainage design criteria”, published by theCity ofGalveston (n.d.), informs and outlines rules
about drainage related requirements applicable on developments on Galveston Island, from which the
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most important aspects are listed below:

• A design storm with a return period of 25 years is used as a criterion for both the sewer and open
systems;

• All newdevelopmentsmust drainNorth toGalvestonBay, or connect toanexistingdrainagesystem
that drains to the north side of the island. Drainage to the Seawall or beach areas is prohibited;

• New structures cannot interferewith existing drainage possibilities.

C.2.1. Drainage related problems at the West End
Figlus and Song (2019) mentions frequent ponding and flooding as the main problem reported by resid-
ents, even after moderate rainfall events. This was confirmed by residents that were interviewed for this
research. In their report further show current areas that drain towards the Gulf beach instead of draining
North as prescribed byCity of Galveston (n.d.), resulting in potential health risks due to deep scour chan-
nels thatmight lead to injuries and runoff with a lowwater quality affecting the beach. The quality of runoff
is discussed in the next paragraph.

C.2.2. Stormwater runoff quality
Stormwater runoff collects and transports various kinds of pollutants during the route towards the final
discharge location, especially in the initial runoff period. In case the runoff is discharged untreated, these
pollutants end up in the receiving water body. These uncontrolled stormwater discharges can therefore
pose a significant threat to public health (US EPA, n.d.). Urbanization increases the variety and amount
of pollutants that is carried by stormwater runoff, including toxic chemicals, pesticides, nutrients, viruses,
bacteria and heavymetals. (USEPA, 2003)

At Galveston Island, coastal water quality is monitored by measuring levels of the bacterial indicator en-
terococcus (Galveston IslandParkBoardof Trustees, n.d.). Indicator organismsareoftenused toassess
water quality. An increase inmeasured level of enterococcus is commonly seen after heavy rainfalls and
lasts approximately 24 hours.

C.2.3. Consequences of a dune system
Thecreationofanartifical dunesystemcanhaveasignificant impacton thedrainageconditionsonGalve-
ston Island. This section describes possible effects on the hydrological situation, and potential mitigation
options for negative effects.

Potential effects
Possible effects include:

• Obstructionofcurrentdrainagepathsforstormwatertothebeach. Waterwouldhavetomovethrough
the dunes to reach the beach. This might increase drainage time and therefore increase issues re-
lated to ponding and flooding on the inner side of the dune.

• Possible filtering capability of a dune. For example, dunes are used to filter drinking water in the
Netherlands (Waternet, n.d.).

• Seepage out of the dune, which could cause nuisance. Seepage is groundwater that comes to the
soil surface induced by a difference in hydraulic head. This might happen with rainwater falling dir-
ectly on the dune. Seepage fromseaside to the inner side is not expected, because thewater levels
that could cause thenecessary difference in hydraulic headonly occur for a very short periodof time
(e.g. storm surge). However, sea level risemight affect this in the future.
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C.3. The Modified Rational Method
Thisappendixprovidesadetaileddescriptionof theModifiedRationalMethod (MRM)appliedon theWest
End ofGalveston Island. TheMRMallows to estimate stormwater runoff volumes, as a function of rainfall
depth, catchment area and runoff coefficient. Thismethod is an extension on theRationalMethod, which
uses rainfall intensity to estimate peak discharges andwas originally developed for sizing drainage struc-
tures (Dhakal et al., 2011). Since the Rational Method is not based on a total storm duration, but rather a
period of rain that produces the peak runoff rate, the method cannot compute runoff volumes unless the
user assumesa total stormduration. This adjustmentwasmade in theMRM,with theassumption that the
duration of peak-producing rainfall is also the entire storm duration (Cleveland et al., 2011). This allows
the development of runoff hydrographs with either a triangular or trapezoidal shape, depending on the
duration of the storm compared to the time of concentration.

TheMRMuses the following equation:

𝑉=𝑐𝐷𝐴 (C.2)

In which:

𝑉 is the total runoff volume [𝑚ኽ]

𝑐 is the runoff coefficient [ - ]

𝐷 is the total precipitation depth [𝑚]

𝐴 is the contributing catchment area [𝑚ኼ]

The MRM is applicable on drainage areas less than approximately 800, 000𝑚ኼ with generally uniform
surface cover and topography (Cleveland et al., 2011). The method does not account for any storage in
the drainage area; any available storage is assumed to be completely filled. Further assumptions are a
uniform rainfall intensity throughout the duration of the storm and a uniform distribution of rainfall over the
contributing drainage area.

C.3.1. Contributing catchment area
Identification of the total contributing catchment area 𝐴 was performed using the hydrology toolset in Ar-
cGIS PRO based on the Digital Elevation Models (DEMs) provided by the U.S. Geological Survey. The
spatialelevationdifferencesobtainedfromtheDEMwereusedtodeterminethedirectionandaccumulation
of runoffstreams,creatingastreamnetwork fromhigherpointsat the islandtowardsthebeachandtheBay.
Stream networks were created using the D8-approach, modelling flow directions from a particular cell to
theadjacentcellwith the largestelevationdropandhencethesteepestdownwardslope. Basedonflowac-
cumulation, streamscouldbeorderedbasedon theStrahlernumber,whichallows toshowhierarchy in the
streampattern. Emergingstreamsreceiveanorder1. Incaseastreamwithstreamorder1mergeswithan-
otherstreamwithorder1, the resultingstreamhasorder2. Incase twostreamsofunequalnumbermerge,
the resultingstreamreceives thehighestof the twoorders. This results inapatternasshown inFigureC.4.
Relevant outlet points were specified based on the stream order map. An outlet point was considered
relevant if a stream would reach the beach through this point with a stream order of at least 2. Based on
thisnetworkand the relatedoutletpoints, individualcatchmentareas𝐴። thatdrain towards thebeachcould
be delineated. A detail of this resulting stream network and contributing catchment area can be seen in
FigureC.5. Thesumofall individualcatchmentareas𝐴። isequal to the total contributingcatchmentarea𝐴.
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Figure C.4: Detail of stream order map, with allocated outlet points.

Figure C.5: Catchment areas 1 and 2, their respective outlets P1 and P2, and the stream network.
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C.3.2. Runoff coefficient
The runoff coefficient 𝑐 is used to denote the fraction of rainfall that runs off immediately. The runoff coef-
ficient is characteristic for every specific catchment and is based on catchment characteristics such as
topography, soil type, vegetationand landuse. 𝑐 is close tozero for highpermeable soilswith large infiltra-
tion capacities, andgoes towards1 for increasingslopeandsurface imperviousness. In this research, the
runoff coefficient for eachcatchment areawasdeterminedbasedon landuse, usingTableC.1with values
for 𝑐 based on land use that are provided byCity of Galveston (n.d.).

Table C.1: Runoff coefficients used by City of Galveston (n.d.), based on land use.

Land use 𝑐[ - ]
UndevelopedAreas 0.30
MinimumDevelopedAreas 0.55
Commercial areas 0.90
Lots smaller than 650𝑚ኼ 0.90
Extensively paved/impervious surfaces 0.90

Table C.2: Land uses, runoff coefficients used in this research, and percentages of the total area.

LandCover % Runoff coefficient [ - ]
Shrub/Scrub 0.1 0.2
WoodyWetlands 0.1 0.2
OpenWater 1.0 0
Developed, High Intensity 2.4 0.9
Developed,OpenSpace 6.0 0.55
Barren Land 14.0 0.3
Developed,Medium Intensity 17.0 0.9
Herbaceuous 17.4 0.2
Emergent HerbaceuousWetlands 19.3 0.2
Developed, Low Intensity 22.7 0.55

The2011NationalLandCoverDatabasebyMRLCConsortium(2011)wasusedtogenerate landusedata.
Accordingtothesedata, thelanduseattheWestEndisgovernedbybarrenland,varyingkindsofdeveloped
areasandherbaceuousareas. Landuses, theirpercentageof thetotalarea,andrelatedrunoffcoefficients
thatwereused in this researchcanbeseen inTableC.2. SeeFigureC.6 for adetailedviewon the landuse
map that was used to obtain these runoff coefficients. Developed areaswere divided into eitherminimum
developed area (low intensity or open space) or extensively developed area (mediumor high intensity).
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Figure C.6: Catchment areas 1 and 2 and their land use based on MRLC Consortium (2011).

Aweighted runoff coefficient canbecalculated for subcatchment areas that aregovernedbymultiple land
useswith the followingweighting formula (TxDOT, 2019):

𝑐=
∑፧፣ኻ𝑐፣𝐴፣
∑፧፣ኻ𝐴፣

(C.3)

In which:

𝑐 is theweighted runoff coefficient [ - ]

𝐴፣ is the area for subcatchment 𝑗 [𝑚ኼ]

𝑐፣ is the specific runoff coefficient for subcatchment 𝑗 [ - ]

𝑛 is the total number of subcatchments [ - ]

C.3.3. Precipitation depth
TheMRMusesprecipitation depth𝐷 asan input to generate runoff volumes. The values for return period,
depth and duration for precipitation events at Galveston Island shown in Figure C.2 are used in this re-
search. Division ofWatershedManagement (2004) states that the 2, 10 and 100-year rainfall events are
of primaryconcern for stormwaterquantity analysis, due to their potential to causeeitheraggravatedown-
streamerosionand/orflooding. Thesethreeeventswerethereforeevaluatedinthisresearch. Additionally,
a 25-year rainfall event was evaluated, because this is the principle design criterion for drainage systems
atGalveston Island(seeAppendixC.2). Normally, the timeofconcentration isused in theRationalMethod
to determine the duration of interest. This is a measure for the time that is needed for runoff to flow from
themost hydraulically remote point of the drainagearea to thepoint under investigation (Figlus andSong,
2019). Thismeasure isofparticular interest forestimatingpeak runoffdischarges toallowproperdesignof
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drainagemeasures, but this researchwasprimarily focusedonpeak runoff volumes toquantify the impact
of the land barrier. The relevant timescale is therefore not the concentration time, but the retention time
due to the land barrier, which depends on infiltration as the dominating outgoing flux if outlet points to the
beachareclosed. The typical timescale for infiltrationhas thesameorderashydraulic conductivity,which
is days. (see Appendix I). Therefore, a rainfall duration of 24ℎ was selected. Combining selected return
periods and duration resulted in the values that are shown in Table C.3.

Table C.3: Rainfall depths in mm for 24 hour duration and various return periods.

𝑇=2𝑦𝑒𝑎𝑟𝑠 𝑇=10𝑦𝑒𝑎𝑟𝑠 𝑇=25𝑦𝑒𝑎𝑟𝑠 𝑇=100𝑦𝑒𝑎𝑟𝑠
𝐷[𝑚𝑚] 128 219 291 433

C.3.4. Generated volumes
The above steps result in generated runoff volumes during 24ℎ for 2, 10, 25 and 50 year rainfall events.

C.4. Potential measures
As a result of the dune, increased volumes of ponding water and seepage out of the dune might cause
issues. A couple of mitigation measures exist to reduce nuisance. Possible mitigation measures for in-
creased volumes of pondingwater are:

• Leaveopenings in the dune systemat the current outlet points to allowdrainage towards the beach.

• Allow drainage towards the beach by implementing draining possibilities in the dune design, e.g.
application of drains from the inner side to the seaside.

• Improve current drainage system to divert drainage from relevant areas to the Bay side.

• Implementation of a dune infiltration system (see Figure C.7a. Such a system includes a storage
basin in the dune system, capturing runoff and let it infiltrate slowly into the soil. See Appendix A.5
formore info.

• Implementation of different alternatives to improve infiltration on other locations, e.g. infiltration
basins or trenches (see FigureC.7b.

• Implementation of permeable pavement to reduce runoff volumes (see Figure C.7c.

Possiblemitigatingmeasures for seepage are:

• Catch seepage on inner side of the dune system. In the current situation, this is performed with
so-calledwetlands on the inner side of the natural dunes Figure C.8a.

• Application of toe drains to control seepage and prevent erosion of the toe Figure C.8b.

• Application of chimney drains to control seepage. This might as well prevent horizontal flow along
impervious layers, such as clay or concrete cores Figure C.8c.
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(a) Chambers of a dune infiltration system (Burchell et al., 2013). (b) Schematic of an infiltration trench (Atelier Groenblauw, 2018).

(c) Example of permeable pavement on a parking lot (Michon, 2018).

Figure C.7: Examples of mitigation measures to cope with high ponding volumes

(a) Current wetlands on the inner
side of the dunes on the West End (own picture). (Burchell et al., 2013).

(b) Typical
design of a toe drain (United States Department of Agriculture, 2016).

(c) Typical design of a chimney drain (United States Department of Agriculture, 2016).

Figure C.8: Examples of seepage measures

C.4.1. Evaluation of mitigation measures
The runoff volume analysis was a large part of this research. On the contrary, seepage was left out of the
research. Therefore, suggestedmeasures to reduce issues related to the large ponding volumes are dis-
cussedmore extensively compared to the ones for seepage. Nevertheless, some suggestions to reduce
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and control seepageweremade aswell.

Mitigationmeasures to reduce ponding volume
The different alternatives were evaluated based on three criteria: impact on ponding volume, impact on
runoff quality and potential impact on other criteria of the research, namely storm surge coping capacity,
sociopolitical acceptance andmaintainability. Measures are ratedwith ’+’ if the effect is positive, a’-’ if the
effect isnegativeanda ’0’ if there isnosignificanteffect. ’u’means that theeffect isyetunknownandshould
still be investigated.

Table C.4: Potential mitigation measures and their impact on different criteria.

Ponding volume Beachwater quality Storm surge coping capability Sociopolitical acceptability Maintainability
Leave openings + - - + 0
Drains to beach + - - 0 0
Divert runoff to bay + + 0 - -
Divert runoff to San Luis + + 0 0 0
Dune infiltration system + + u u 0
Infiltration basins or trenches + + 0 0 -
Permeable pavement + + 0 0 -

Discharge relatedmeasures
Solutions that have a negative effect on storm surge coping capability were not considered to be a plaus-
ible option. Protection against storm surge is the primary function of the barrier, and a decrease in main
functionalitywouldputa lotofpeopleat risk. Therefore, thedunesystemshouldbeaclosed lineofdefense
without openings to let drainage water out. The same holds for application of horizontal drains, although
in a less severe way. To prevent water penetrating the dunes due to a difference in hydraulic head during
storm surge, a closing system for these drainsmight be considered. These open type ofmeasuresmight
be favorite for the local public, because of the resemblance with the current situation and the possibility
to drain water away from the island, towards the beach. Therefore, the importance of a closed barrier in
order to guarantee safety needs to be clearly addressed.

Diversion of stormwater runoff towards the Bay seems to solve a large part of the issue, but it is going to
be a very costly and time consuming operation to implement. Natural elevation levels would have to be
overcome and San Luis Pass Road would have to be crossed. The latter does not hold for a diversion of
runoff towards San Luis Pass, but this would result in long pipes in an area with almost no slope, leading
to difficulties in design. Due to the time, space and cost needed for construction, diversion is expected to
receive some opposition from the public.

Infiltration relatedmeasures
In general, the storage capacity of the soil at Galveston Island is very low, with a maximum of 150𝑚𝑚.
These types of mitigationmeasuresmight therefore not be very effective for heavy rainfall events. Func-
tionality for these typeofmeasureswouldbe tospreadout runoff volumesover thearea, insteadof todirect
all runoff towardsoneoutletpoint. Thiswouldallow tousea largerpartof the infiltrationcapacityof thesoil.

Implementation of infiltration basins or trenches and permeable pavement as a replacement for asphalt
might help to lower runoff volumes. If properly designed, basins and trenches are equipped with storage
capacity above the soil as well, reducing issues related to ponding water as this water can be stored at
an appointed location. However, these measures require maintenance to operate properly. Infiltration
basins or trenches seem most profitable just on the inner side of a dune, such that all stormwater runoff
is first directed towards the beach and can be captured in these systems. These systems are already
present, and are therefore not expected to lead to sociopolitical opposition.

Implementation of a dune infiltration system (DIS) might be a solution. This measure would provide both
astoragepossibilitywithin thedune, andaneffectiveway to increase runoff quality by filtration (Figlusand
Song,2019)(Burchelletal.,2013). AscanbeseeninAppendixA.5, thesesystemshavealreadyperformed
well for smaller catchment areas. In addition, the system ismostly covered by the dune and therefore be-
neficial for aesthetics, but sociopolitical acceptability should still be investigated. There however is a
downside to the DIS: a rapidly permeable layer of several feet above the groundwater table is advised in
order to allow thewater to infiltrate rapidly (Burchell et al., 2013). This is not the case at Galveston Island.
A solution might be to enlarge the infiltration area by increasing the number of chambers, but this comes
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with unknowns regarding exact soil properties and system function, especially for larger catchments and
combinationwiththecoreofahybriddune. Basedonthescores, itseemsuseful toanalyzethisoptionmore
in depth, mostly into effectiveness of the system to deal with large volumes of rainwater and the effects it
is going to haveonstormsurge coping capability of the system. Asmentionedbefore, a negative effect on
themain protective function of the barrier wouldmean that thismeasure could not be implemented.

Mitigationmeasures for seepage
Seepage was not analyzed in this research. However, the process can cause nuisance due to occurring
water, and therefore some possible measures are discussed here. In the current situation, seepage is
caught in wetlands on the inner side of the dune. Residents reported that these wetlands function well.
Thismight beconsidered to implement in the final designof the landbarrier aswell. Thesewetlandsmight
even offer storage possibilities for runoff. Furthermore, an analysis into the function of toe and chimney
drainsmight contribute to a better control of seepage through the dune, in both directions.



D
Five cross sections onGalveston Island

West End

FivedifferentcrosssectionsweretakenonWestEndtodeterminethefittingofthedunesystemalternatives
on thecurrent coastalmorphologyofGalveston Island. Thespecificationsarediscussed in this appendix.

D.1. Average broadening of current dune morphology
Thedunes cross sectionswere projected by taking the back dune foot andplacing it on the back dune foot
of the currently existing dune systems, thus where property boundaries starts. In Table D.1 a summary
is given of the width by which the current dune system is going to be broadened per alternative. Here the
existingdunewidthaverage(Google (2020))of thecrosssectionwassubtracted fromthewidthof thedune
systemalternative. The outcomewas an amount in𝑚 bywhich the dune systemand thus the coastal line
would diverge seawards.

Table D.1: Broadening of coastal line.

Cross section Alt. 1 Alt. 2 Alt. 3 & 4 (min)* Alt. 3 & 4 (max)* Alt. 3 & 4 (median)*
A: Kahala Beach 31𝑚 75𝑚 −20𝑚 35𝑚 7.5𝑚
B: Jamaica Beach 36𝑚 80𝑚 −15𝑚 40𝑚 12.5𝑚
C: PalmBeach 36𝑚 80𝑚 −15𝑚 40𝑚 12.5𝑚
D: Pirate Beach 41𝑚 85𝑚 −10𝑚 45𝑚 17.5
E: Sunbather Ln. 41𝑚 85𝑚 −10𝑚 45𝑚 17.5

Theminimum,maximumandmedianvalueshavebeenused todetermine theaverage influenceofaltern-
ative3and4. Dunesystemswithadunewidthbetween5𝑚and15𝑚 led toanarrowingof thecurrent dune
basewidthor, in caseof thePirate-andSunbatherBeach, kept thecurrentdunebasewidth inplace. Dune
widths ranging from 15𝑚 to 25𝑚 are going to cause broadening of current dune systems in four out of five
cross sections, but is going to lead to a dune base width equal to the current situation at Kahala Beach.
The dune basewidths exceeding 25𝑚 all led to broadening of the current dune system. Amaximumdune
basewidthof60𝑚 causes thebeach todisappearunder theproposeddunesolutionandwould thusmean
amovement of the coastline in seaward direction in order tomaintain a beach of any size.

Alternative 2 has the largest footprint of all alternatives and is going to cause the coastal line tomove 75𝑚
seawards minimally. Alternative 1 has an average value compared to the other alternatives and is going
to cause the coastal line to move a minimum of 31𝑚 seawards if implemented. As stated in the section
above, alternatives3and4proposesmall dunesystems that aregoing to cause the current dunesections
to be retracted with a minimum of 10𝑚 and a maximum of 20𝑚. The coastal line should not be moved in
this case, andnatural erosionof thecoast canbe left to lead its course. Thesesmallest dimensionsarenot
able towithstandstormsurgeeventswitha50yearstormevent. Themaximumdimensionsofalternatives
3 and 4 causes the current dune systems to be expanded seawardswith aminimumof 35𝑚.
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D.2. Locations of cross sections
In Figure D.1 the locations of the cross sections have been highlighted. Appendix D.3 till Appendix D.7
showareal photos (imaging,2020) from thesecrosssectionson theGalveston IslandWestEnd inorder to
giveanimpressionofthelocation. TableD.2includesanoverviewoflocationcoordinatespercrosssection.

Table D.2: Location coordinates.

Cross section Longitude Latitude
A: Kahala Beach 95.0004625°W 29.1661737°N
B: Jamaica Beach 94.9727617°W 29.1829943°N
C: PalmBeach 94.9453375°W 29.1992039°N
D: Pirate Beach 94.9361493°W 29.2043119°N
E: Sunbathers Ln. 94.8996516°W 29.2256774°N

Figure D.1: Locations of cross sections on Galveston Island West End.
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D.3. Cross section A: Kahala Beach

Figure D.2: Cross section A: Kahala Beach.

D.4. Cross section B: Jamaica Beach

Figure D.3: Cross section B: Jamaica Beach.
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D.5. Cross section C: Palm Beach

Figure D.4: Cross section C: Palm Beach.

D.6. Cross section D: Pirate Beach

Figure D.5: Cross section D: Pirate Beach.
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D.7. Cross section E: Sunbather Ln.

Figure D.6: Cross section E: Sunbather Ln.



E
Neighborhood demographics

E.1. Property values
Propertyvalueswere retrieved fromGalvestonCentralAppraisalDistrict (2020). Fromeachcrosssection
five to ten houses in east andwestward direction from the cross sectionwere analyzed. A distinctionwas
made between property parcels directly next to the dune line (1st row) and property parcels in the 2nd row
after thedune line, inorder todetermine thedifference inpropertyvalues. Propertyvaluemaxima,minima,
averages,valuesafterHurricaneIkeandtheoverallchangeinpropertyvaluefromthepreIkeyears to2019
are given in Table E.3.

E.2. Origin property owners
Data from the register of Galveston Central Appraisal District (2020) was used. Along with the property
values the countywhere property owners are registered is given. Fromeach cross section 5 to10houses
in east andwestward direction from the cross sectionwere analyzed. Percentages projected in Table E.1
werebasedona ”n” ranging from10 to20subjectsper crosssection. Thesolutionsproject thepercentage
of home owners being registered in a certain city or state. If another city or state is given, this means that
the home owner is not originally registered in Galveston. The selection of states in Table E.1 reflects the
various locations in which property owners were registered. The rows of Galveston and Houston have
been specifically added to reflect where the majority from Texas registered home owners come from. A
conclusion of this assessment is presented in percentages in Table E.1.

Table E.1: Origin property owners.

State City Kahala Beach Jamaica Beach PalmBeach Pirate Beach Sunbather Ln.
Texas Total 97% 80% 100% 100% 80%

Galveston 4% 7% 13% 10% 0%
Houston 47% 27% 50% 60% 30%

California 0% 0% 0% 0% 20%
Louisiana 0% 7% 0% 0% 0%
Ohio 0% 1% 0% 0% 0%
Oklahoma 3% 0% 0% 0% 0%
Washington 0% 7% 0% 0% 0%

E.3. Risk score
All datasets for creating the Risk indices have been acquired from best available non-proprietary data
sources available. All risks are scored on a relative scale of 1-5: that is, a parcel with a score of 5 is estim-
ated to be at five timesmore risk from the specific hazard than a parcel with a risk score of 1 for the same
hazard. A risk score of 0 implies absence of any known threat from the specific hazard to the selected
parcel. The overall score is the mean of all the specific hazard risk scores that have been selected and
displayed in Table E.2 TexasCoastal Atlas (2020).
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Table E.2: Specific Hazard Risks.

Risk Scoring description
Hurricanes Hurricaneriskzonesarepresentedonarelativescaleof1-5. This layer isderived

from (Texas A&M / DEM Risk Area maps, 2020). Risk area zones 915) are
identifiedbyhurricanecategories. Area1corresponds toacategory1Hurricane.

Floods Risk of flooding is presented on a relative scale of 1-5. Parcels within the 100
year floodplainarescored thehighest (5), parcelswithin500year floodplainsare
considered to be atmedium risk (3) (TexasA&M /DEMRisk Areamaps, 2020).

Flood claim score Parcels within block groups rated on flooding frequency. Parcels with a score of
1, are located within a block group without any paid claims since 2000. Scores
between 1 and 2 indicate the property is located in an area with a relatively low
frequency of flooding. A parcel with a score of 2-3 is located in an area that
experiences moderate flooding. A score between 4-5 can be interpreted as
being a parcel locatedwithin groupwith high amount of flooding. Any parcel with
a score of 5 would be within a block group that experiences a very high amount
of flooding. This scale offers insight into the frequency at which parcels within
a block group are flooded, regardless of whether they are located within a flood
zone (TexasA&M /DEMRisk Areamaps, 2020).

E.4. Summation of values
Table E.3 represents a conclusion of the property values and the risk scores of properties found in the
location of the cross sections. In column ’Characteristic’, the individual data characteristics are specified,
column ’Row’, distinguishes if the property value represents properties that are either situateddirectly be-
hind the dunes (1st), or properties that are situated in the second rowof properties behind the dunes (2nd).
The third until the seventh column represent the values found for the individual cross sections.

Table E.3: Demographic data per cross section.

Characteristic Row Kahala Beach Jamaica Beach PalmBeach Pirate Beach Sunbather Ln.
Property value 1st $654.580 $484.560 $965.640 $568.540 $733.180
average 2nd $596.210 $341.810 $701.640 $379.220 n.a.
Property value 1st $906.130 $733.710 $1.085.500 $640.000 $909.210
maximum 2nd $679.200 $504.740 $839.500 $455.600 n.a.
Property value 1st $499.320 $390.720 $800.000 $498.940 $593.710
minimum 2nd $495.530 $241.800 $565.000 $312.000 n.a.
P.V. after Ike 1st −34% −42% -28% −44% −58%

2nd −10% −15% −4% −17% n.a.
P.V. between 1st +18% +23% +53% +18% +19%
2007& 2019 2nd +52% +49% +39% +24% n.a.
Risk score 1st 4 3∗ 4 4 3∗∗

2nd 4 3∗ 4 4 n.a.

*Hurricaneswasgradeda1, unlike theother propertiesalong thesameGalvestonWestEndCoastal line,
that was graded a score of 2.
** The floodclaimscore for theneighborhoodatSunbather Ln.,wasvalueda4 rather thana5, as theother
neighborhoods that were assessed along the Galveston West End coast. An explanation could be, that
dunes in-front of the houses in this section are indeed larger than in other parts, with dunes being brother
around 5−10𝑚 in comparisonwith other dune locations. This is not a scientific deduction.



F
Stakeholder identification and response

F.1. Stakeholder identification
This section provides an extensive description of themain stakeholders with regard to the study and their
interests and activities on Galveston Island. As can be seen, the stakeholders are divided into political
stakeholders, economical stakeholders, residential stakeholders, environmental stakeholders and edu-
cational stakeholders.

Political stakeholders

Political stakeholders are responsible for creation and execution of laws, rules and regulations. Their aim
is to protect residents against threats and assist them during natural occurring hazards. These stake-
holders perform tasks that contribute to improvement and sustainable development of relations between
residents, businesses and the natural environment.

• Federal Government is the nationwide government of the United States. It is the overall govern-
mental administration responsible for setting boundaries in which local governments can operate.

• Texas State Government is the government on state level. The Texas State Government has the
jurisdiction to implement their own laws within the boundaries of the Federal Government and ap-
proves plans and designs beyond the boundaries of theCity of Galveston.

• Texas General Land Office (GLO) is a department within the Texas State Government. It can be
seen as an independent agency of the United States Government. Its coremission is themanage-
ment of state lands and mineral-right properties totaling 13 million acres (The Texas General Land
Office, n.d.). Included in that portfolio are thebeaches, bays, estuariesandother ‘submerged lands’
out to 10.3miles in theGulf ofMexico, and public domain lands onGalveston Island.

• GalvestonCityCouncil performs the organization and administration of public work inGalveston.
They consider the interest of as many local stakeholders and try to avoid public upheaval and con-
flicts.

• FederalEmergencyManagementAgency(FEMA) is responsible for financial supportwhenadis-
aster occurs. In case the local authorities do not have the resources to deal with an emergency or
theGovernor of the State has initiated ‘a state of emergency’, they coordinate assistance.

• United States Army Corps of Engineers (USACE) is a federal agency under the Department of
Defense. Theyarethemainpartyregardingthedesignandconstructionofthecoastaldefense. They
are responsible formaintaining coastlines, inlandwaterways and flood riskmeasures in theUSA.

• US Environmental Protection Agency (USEPA) is an organization within the Federal Govern-
ment. The agency is responsible for the protection of human health and the environment. They
assist with preparation and recovery for natural disasters and performs research to environmental
quality for all states.

• Texas Commission on Environmental Quality (TCEQ) is a department within the Texas State
Government. Theirmission is to protect and improve human health and natural resources.
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• GulfCoastCommunityProtection&RecoveryDistrict (GCCPRD) is anorganization (not agov-
ernmental department) that is addressing the risks of storm surge during hurricanes. They support
theStateGovernmentwith researchonstormsurgeandprotectionmeasuresandworkscloselywith
TexasGLO.

• TheParkBoard of Trustees is a governmental entity for the purpose of directing all tourism efforts
of Galveston. This entity is responsible formaintenance of the beaches on the island aswell.

Economical stakeholders

Themain interest of economical stakeholders is tomakeprofit by selling goodsand services or facilitating
recreation, with the aim to strengthen themarket position in the state, country or worldwide.

• ThePort ofGalveston ismanaged by theBoard of Trustees of theGalvestonWharves and is non-
federal funded. It is owned by the municipality and consists of the northern embankment of the
Island of Galveston, the southern embankment of Pelican Island and the Galveston Ship Channel.
The Port of Galveston has a strong position in the city as it is responsible for jobs and income. The
cruise terminal is the 4th busiest terminal of North America and is able to handle various types of
cargo includingdrybulkand liquidbulk. ThePort ofGalveston is important forboth themainlandand
offshore activities (Port of Galveston, n.d.).

• City&PortofHoustonHoustonisthelargestcitynearGalvestonandthereforehasstrongeconomic
bondswith the Port of Galveston.

• GalvestonScholesAirport is currently used for private flights and recreational activities. It used to
be amilitary base.

• Pleasure Pier Galveston houses a lot of attractions and is highly valued by the city and tourists. It
is located at 25th street and is partly constructed on the beach and above the sea.

• MoodyGardensThemeParkattracts thousands of people every year. It is located near the airport
and owned by theMoody Foundation, a large institution on the island.

Residential stakeholders

Residentialstakeholdersare involved in thesensethat the landbarrierhasamajor impactonthesurround-
ing and theway they live inGalvestonCity.

• GalvestonAssociationof IslandNeighborhoods (GAIN) represents the residents ofDowntown
Galveston. This is the lowest part of the city and located East from31st street.

• East End Historical District Association (EEHDA) represents the residents on the East End of
GalvestonIsland. Theirmission is topreserve, restoreandprotect itsculturalandarchitectural integ-
rity by promoting community advocacy, education, cultural tourism and neighborhood awareness.

• West Galveston Island Property Owners Association (WGIPOA) represents the residents on
theWest End ofGalveston Island. This part is not protected by the seawall or any dunes.

• Offatts Bayou, TeichmanResidents represents the residents of the northwestern part of the City
of Galveston. This area is located along the bay. It is sensitive for flooding as it is barely above sea
level and surrounded bywater.

• Galveston Flood Defense Coalition (GFDC) is an organization that aims to raise the awareness
about the need for flood protection of Galveston. It consists of formerGalvestonCity Council mem-
bers, former engineeringmanagers and amember of Galveston Alliance of IslandNeighborhoods.

Environmental stakeholders
Environmental stakeholders aim to protect and improve the ecosystem for people fish and wildlife (Per-
rone, 2019), The ecosystem and human health depends on preservation of an intact, continuousmosaic
of diverse habitats. This concerns the bay circulation and salinity, aswell as the impact to oyster fishery.
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• TheNatureConservancy isprimarilyaddressing the importanceofpreservinghabitat in theGalve-
ston Bay, protecting freshwater basins, and improving health within theGulf ofMexico.

• Galveston Bay Foundation strives to improve the environmental quality (biodiversity and health)
of theGalveston bay.

• Gulf Coast Bird Observatory focuses on creating a healthy ecosystem with abundant space for
birds to survive and thrive around theGulf ofMexico and beyond.

• TheAudubonHouston is an organization withmultiple locations, including a center in Houston. It
focuses on the conservation of bird species that live in the region.

Educational stakeholders
Educational stakeholdersaim toenlarge thebodyof knowledge. To reach this, theyconduct researchand
spread knowledge by teaching people about various disciplines.

• TexasA&MUniversity atGalveston (TAMUG) is the source for all ocean-oriented topics at Texas
A&M University. It offers a unique blend of maritime and marine program, including engineering,
transportation, majors in science, business and liberal arts. Their aim is to set the standard as the
world-classuniversityof the futurebycombining innovation, researchandknowledge tocreatesolu-
tions that few institutions have the depth and breadth to achieve (TexasA&MatGalveston, n.d.).

• GalvestonCollege isacomprehensivecommunitycollegelocatedonGalvestonIslandandopened
its doors inSeptember 1967. It provides the citizensofGalveston Islandand the surrounding region
with continuing education, academic, community service programs and academic.

• University of Texas for the Medical Branch (UTMB) is established in 1891 as the University of
Texas Medical Department. It is the oldest medical school in Texas and is part of the University of
TexasSystem (TheUniversity of TexasMedical Branch, n.d.). It focuses on health sciences educa-
tion, health care services andmedical research.

F.2. Stakeholder responses
This section provides a summary of the responses of the stakeholders relevant for the design and con-
struction process of the land barrier. A distinction ismade between local and professional knowledge.

Local knowledge
The perspectives of residents on flooding in the City of Galveston were gained during the Public Open
House at Galveston Island on the 12th of February and from interviewswith representatives of the follow-
ing organizations:

• TheWest Galveston Island Property Owners Association (WGIPOA) represents the residents
of thewesternpartofGalvestonIsland. TherepresentativesofWGIPOAperceivedthe(hybrid)dune
systems positively, since it tends to be a natural intervention to improve flood resilience. However,
for some house owners protection is not always desired. They argue that they are aware of the fact
they live in a flood prone area and accept this risk. In case flooding occurs, most people evacuate.
Besides this, they say most houses on the Island are already built on elevated parcels or stilts to
mitigate flooddamage. Themain reason for these residentsof livingon theGalveston Island isprox-
imity to the coast. For them it is extremely important that any formof protectiondoesnot obstruct the
view toward and public pedestrian access of the beach on Galveston Island. They are also afraid
that the construction of a land barrier is going to degrade the ecosystem and is going to negatively
impact the beach circulation, salinity and oyster fishery.

• TheGalvestonAssociation of IslandNeighborhoods (GAIN) represents the residents of down-
townGalveston. For representatives ofGAIN it is important that any formof protection in the formof
dunes does not impede the local (industrial) businesses.

• TheEastEndHistoricalDistrictAssociation (EEHDA) represents the residents on theEastEnd
of Galveston Island. In their opinion it is extremely important that any form of protection does not
influence the cultural tourism and architectural integrity of the beaches in a negativemanner.
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Professional knowledge
The professional insights were provided by representatives of private consulting firms, non-profit organ-
izations, academic and research institutions and governmental agencies.

• TheUnitedStatesArmyCorpsofEngineers (USACE) is a federal agency under theDepartment
of Defense. This organization can be seen as the most important party with relation to the flood
measures in Galveston, since the construction of the coastal and inland flood protection falls un-
der the USACE. After the construction is completed, the USACE provides guidelines concerning
the maintenance of the beach and the dune system. According to them it is extremely important to
investigate the impact of a land barrier on the ecology.

• Texas General Land Office (GLO) is an independent governmental agency of the United States
Government within the Texas State Government. The GLO is responsible for managing public do-
main landsanddirectingall tourismefforts ofGalveston Island. On topof that, theTexasGLOworks
together with USACE and is the official regulator who provides the final permits for construction.
According to Texas GLO it is important that the land barrier is affordable and maintainable. On top
of that, the responsible party for themaintenance of the project is still unknown.

• TheParkBoard of Trustees is a governmental entity for the purpose of directing all tourism efforts
of Galveston Island (Tourism Economics, 2018). The Park Board of Trustees works together with
Texas GLO in maintaining the beaches. The Park Board maintains the restoration of the beaches
according to the Galveston Island Sand DunesMaintenanceManual by (Howard et al., 2013). For
them, it is also important that a land barrier on the beaches of Galveston IslandWest End does not
negatively influence the architectural integrity or the cultural tourism of the beaches.

• TheGalvestonFloodDefenseCoalition (GFDC) is an organization that aims to raise awareness
for the need of flood protection for Galveston Island. In the opinion of GFDC, governance agencies
shouldprovide immediatebenefits for theresidentsofGalveston Island. Anexample is thereduction
of Galveston‘s flood insurance premiums and non-hurricane problem flooding.



G
Forms of governance

This appendix combines interview responseswith literature study to examinehow thegovernancepriorit-
ies in flood riskmanagement vary between theNetherlands and theUnitedStates of America (USA). This
comparison is done to provide a recommendation on the form of governance with relation to the study.
Governance can be described as the rules of the political system to solve conflicts and define responsib-
ility and partnerships among the government, agencies, non-governmental, non-profit organizations and
private firms and businesses (deRidder, 2009).

G.1. Form of governance in the Netherlands
The flooding in 1953 initiated the importance of collaboration within flood risk management due to the
damages and amount of people died. To provide a solution, the Delta Plan was launched in 1962 by the
Delta Committee (1962). The measures to protect the land against future flood risk are combined in the
DeltaWorks (Deltacommissie, 2008). TheDutch hazardmanagement can be described as an advanced
system that prioritizes permanent safetymeasures against flooding.

Rijkswaterstaat (RWS), the executive organization of the ministry of Infrastructure and Water Manage-
ment, is responsible for the design, construction, management andmaintenance of the water- and high-
ways and the environment in the Netherlands. RWS is responsible for approximately 65% of all publicly
awarded projects larger than ten million euros each year (Rijkswaterstaat, 2019). This makes RWS the
main client in civil engineering in theNetherlands.

Inpractice,RWSdeliversapreliminarydesignandaprogramofrequirements,afterwhichanexternalparty
is responsible for the finaldesignandconstructionprocess. ThiscanbedescribedasaPublicPrivatePart-
nership(PPP),wherepublicadministrationsworkcloselytogetherwiththemarketsector tobeabletobuild,
manage, operateandmaintain largemoveable stormsurgebarriers (deRidder, 2009). A typical structure
of a PPP contract is visualized in Figure G.1. The further and earlier involvement of market parties in the
process is initiated in accordance to the Parliamentary Construction Survey byRijkswaterstaat (2019).
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Figure G.1: The typical organization of a PPP contract (own illustration).

Another importantsubject ishowtocontrolaproject. Thequestion isnotonlyhowtocontrol, butalsowho is
managingwhat. According to theSeniorAdvisorofStormSurgeBarriersatRWS,MarcWalraven, the lack
of control was felt as amajor problemwithinRWS. For that reason the focus has shifted fromworkingwith
procedures toahigher tendency forcollaboration. Tomakethe interfacebetweenRWSandmarketparties
moremanageable, RWSprovided an InterfaceManagement guideline. The integrated approach to flood
riskmanagement is visualized in FigureG.2 and can be roughly divided into protection, land use planning
anddisastermanagement(Perrone,2019). Agoodexampleof this isTheRoomoftheRiverProgram. This
programusedninenature-basedsolutions to lowerwater levelsand lower floodriskwithin theNetherlands
(Rijke et al., 2012). It was a large success due to its strong institutional cooperation and public support.

Figure G.2:
The integrated approach of RWS to manage regional plans, legislation and Project decision implementation (own illustration).

Moreover, theapplicabilityofmaintenanceanddurability incontracts in theNetherlandshasbecomemore
prominent(deRidder,2009). AccordingtoRijkswaterstaat(2016), thevalueofaprojectshouldbebasedon
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bestpracticesandperformances rather thanconstructioncostalone. Focusingon the lowestconstruction
costs is not preferred. Instead, projects should introduce incentives that significantly improve operating
performanceandalignment not at tradeor package level, but at theproject-outcome level. RWSprovided
the so called ‘WerkwijzerAanlegOnderhoud (WWAO)’work guide to describe theproject implementation
process in construction andmaintenance contracts. This guide elaborates on the project implementation
process in contracts (Perrone, 2019). The standardswith frameworks and process steps aremandatory,
but in specific project situations deviations are allowed.

G.2. Form of governance in the USA
The form of governance in the United States of America (USA) on how to design, construct and operate
a flood defense projects is not uniform. Reasons for this are themajor variations between states and the
political short-sighted decision-making. Therefore, this section focuses on two important parts of gov-
ernance in case of flood risk management. Firstly the way of funding of flood defense projects, followed
by theNational Flood InsuranceProgram.

G.2.1. Funding of Flood defense projects
In the USA, there is no ‘standard federal budget’ for flood protection projects. Several studies have ar-
gued this lack of standards and guidelines in the federal flood protection system (Scata, 2018) Kousky
and Shabman (2017) Scata (2018). There can be made a distinction between the following two ways of
funding; Federal Funding and Local Funding.

Federal funding
Federal funding is often budgeted through emergency supplemental appropriations and targeted almost
exclusively at the affected area (NOAA, 2020c). The USACE only receives mission from Federal Emer-
gencyManagement Agency (FEMA) after a federal disaster declaration. FigureG.3 showswhere FEMA
allocates funds to and presents the total federal spending obligations, related to natural hazards in the 50
states. As can be seen, FEMA‘s funding programs also differ in theway they are awarded and designed.

• The Hazard Mitigation Grant Program provides funding to local and state governments for mit-
igation projects after a major disaster declaration. It focuses on reducing loss of life and property
damage from future natural disasters.

• Pre-DisasterMitigationGrantProgram makesmoneyavailable to localandstategovernments to
reduceoverall risk to individualsandproperty from futuredisasters. Through thisprogram,all states
receive some federal funding annually.

• FloodMitigation AssistanceGrant program provides competitive grants to local and state gov-
ernments toundertakeanddevelopprojects toaddress floodrisks. If stateswantextramoneyabove
theannual federal funding theymustsubmitaproposal toacompetitive reviewprocess. Thesecom-
petitive grants aim to reduce or eliminate claims under theNFIP.
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Figure G.3: Total federal funding by FEMA‘s grant programs.

Besides the financial support, FEMA is responsible to coordinate assistance to the USACE in the recon-
struction of infrastructure and properties. FEMAprepares for disasters according to theNational Incident
Management System (FEMA, 2017b) and the National Disaster Framework (FEMA, 2016) . Between
1998and2014, FEMAhasspent 48.6billionUS$ in thewake to repair for floodsandcoastal storm (Scata,
2018). According to NOAA (2020c), FEMA‘s flood mapping program is falling short in protecting people
and property from flooding in its depiction of flood risk, For example, FEMA is not authorized to advice
people on property insurance. It is necessary to perform mandatory surveys to make sure the USACE
receives federal funding from FEMA. The Park Board of Trustees runs these survey programs every 6
months. To finance these programs, the Park Board of Trustees receives taxes from tourism.

Local funding
This way of ‘non-federal funding’ is applicable in case of typical flood defense measures. The USACE
is financed by the Texas GLO, The Park Board of Trustees and local congress appropriate money. This
approachisroughlycomparablewiththe‘PublicPrivatePartnerships’,asdescribedintheSectionG.1. The
difference lays in the need of sociopolitical acceptance to receive local funding, Instead ofmarket parties,
‘the public’ owns and is in charge of themaintenance of flood defense projects. The challenge that arises
is thedisconnection between technical knowledgeandsocial political decision-makingand theamount of
time it takes to receive therequiredsupportofpublicandprivatecitizens(vanKerkhoffandPilbeam,2017).

G.2.2. National Flood Insurance Program
This National Flood Insurance Program (NFIP) offers business and home owners the opportunity to pur-
chase coverage for water damage. The program is established in 1968 as a partnership between local
communities and federal government (Clark, 1995). It delineates flood zones for local communities and
specifies theBaseFloodElevation (BFE) forSpecial FloodHazardAreas (SFHA).TheBFEcharacterizes
the 100-year flood level, so the elevation that has a 1% probability of being equaled or exceeded by the
flood level in any given year. The relationship betweenBFE, still water elevations,flood hazard zones and
wave effects are shown in FigureG.4.

TheFloodDisasterProtectionActof1973wasthefirstact in theNFIPthatmadefloodinsurancemandatory
withinSpecialFloodHazardAreas(SFHA)(PennandPennix,2017). TheactwasamendedbytheCoastal
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Figure G.4: Relationship between BFE, still water elevations, flood hazard zones and wave effects (L.Tanner et al., 2013).

BarrierResourcesAct (CBRA) in 1982,which stated federal flood insurancewasonly available for newor
significantly improved structures according to theminimal federal requirements. The reason for FEMA to
obligate aminimumhouse elevation standard, tomake sure the reconstruction of private infrastructure is
more resilient against future flood conditions and reduce future flood damage through community.

InpracticethismeansthatahomeownerwithinaSFHAshouldbuildtheirhousesonstiltsaccordingtoamin-
imalfederalelevationheight(AtreyaandCzajkowski,2019). Thehighertherisksforfloodingatthatapprox-
imately area, thehigher theminimal requiredheight of houseelevation. On topof that, tomake it attractive
tobuildyourconstructiononstiltsashighaspossible, thehighertheelevationthelowerthefloodinsurance.

The coastal houses on GalvestonWest End are located within a coastal high hazard area, the so-called
ZoneVofaSFHA.Thesebuildingsalsoneed tomeet theNFIP’sminimum floodplainmanagement stand-
ards (L.Tanner et al., 2013). TheNFIPminimum requirements for buildings built in ZoneV are as follows:

1. Buildingmust be elevated on pile, post, pier, or column foundations.
2. Buildingmust be adequately anchored to foundation.
3. Building must have the bottom of the have the bottom of the lowest horizontal structural member

supporting the lowest floor at or above the BFE. This is shown in FigureG.5.
4. Building design andmethod of constructionmust be certified by a design professional.
5. The area blow theBFEmust be either free of obstructions or have breakaway construction.

For buildings in a community that participated in the NFIP when its initial FIRM was issues, post-FIRM
buildings are the same as new construction.

The report by Galveston County (2017) provides the regulations of Galveston County to the Floodplain
Management. In 2005, the Houston – Galveston Area Council’s (H-GAC)’s Board of Directors created
the Regional Flood Management Council (RFMC). Through their handbook, the RFMC’s aims to advise
andassist electedofficials in their decision-making responsibilities on issues related toall aspectsof flood
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Figure G.5: In Zone V, elevation of residential structures to the BFE
is required. The Mitigation Assessment Team (MAT) recommends elevation higher, or adding freeboard (L.Tanner et al., 2013).

management in the Gulf Coast Planning Region. Research by Texas Floodplain Management Associ-
ation (TFMA) in2008has indicated77%of thecoastalhouseson theWestEndofGalveston Island require
freeboard of 0.3 to 0.6𝑚 for new construction (L.Tanner et al., 2013).

For the last 20 years, theminimal federal requirement to the elevation of houses onGalvestonWest End
rises frequently. To get a better view on the general heights of the houses, this reports highlights the
followingminimumhouse elevation standards;

• In thereportof2001,FEMArequireshouses incoastal floodzones tobeelevatedat least0.3𝑚above
the BFE and 3.5𝑚 +MSL (C. Jones, 2001). After Ike, observations on the West End of Galveston
Island noted that many of the coastal houses constructed pre-Flood Insurance Rate Map (FIRM)
were constructed at or within 3.5𝑚 +MSL of themappedBFE (L.Tanner et al., 2013). All the houses
constructed post-FIRMwere sited above theBFE.

• Thechanged regulationsafter Ike requiresall coastal housesonGalvestonWestEnd tobeelevated
3.7𝑚 +MSL above themappedBFE. (L.Tanner et al., 2013)

• FEMA’s current guide lines with regard to house elevation heights of coastal houses consist of a
minimumof 4.3𝑚 +MSL (Xian et al., 2017). The house insurance per year is approximately $883 to
$1.198, which comes down to about $73 to $99 permonth (Penn andPennix, 2017).

G.3. Advice on governance strategy
The conclusion that results from this chapter provides a clear distinction between the priorities set with
regard to the forms of governance in the USA and the Netherlands. Therefore, an advise is formed in the
emphasis on future flood defense projects in theUSA.

Firstly, the adaption of a flood protection standard for federally-funded infrastructure projects should be
part of the solution. The Federal Flood Risk Management Standard provides a well-developed example
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of such a standard (NOAA, 2020c). This standard requires Federal Emergency Management Agency
(FEMA) to rebuild public infrastructure to be stronger than the structure that was damaged because of a
hurricane. Such action would reduce the likelihood taxpayers pay to rebuild the same infrastructure after
future floods and construct the project to bemore resilient against future flood conditions. Unfortunately,
President Trump revoked the Federal FloodRiskManagement Standard in August 2019.

Secondly, a solution to connect the federal and local funding, which could consist on the use of ‘special
district funding’. Since investing early is going to be more beneficial than the reparation costs in the long
run. On topof that,with theevasionof futurepayments comebenefits: preservationof coastal floodplains
and the safeguard of people and property can be seen as key benefits. In order to convince the state of
such a similar way of funding, the state of Louisiana‘s proposed aCoastal Master Plan. This plan consist
of a coordinated framework to simultaneously reduce flood risk to communities and infrastructure.

Thirdly, approach of flood defense in theUSA need tomove away from a primarily process-driven project
system to a more holistic project-operating system in order to improve the performance on predictabil-
ity and maintenance. The foundations of institutional co-operation currently exists, but cooperation is
hindered by a lack of resources and political friction. Doing so could lead to flood riskmanagement being
treated with collaborative transparency across the project and among stakeholders. An example of such
an approach is the I-STORM organization, which initiated a global development with collaborative and
maintainable flood riskmanagement. The I-STORMnetworkunitespublicadministrationof countries that
build, manage andmaintainmovable storm surge barriers I-STORM (2020). More information about this
project can be found in Appendix A.3.

To endwith, theUSA can benefit by a change inmindset and behavior, and seeing flood protection as es-
sential. Thequestion remainswhether the variousplayers,whohavedifferent challengesand incentives,
will indeed leave behind the status quo and embrace the change that leads to a long-term flood defense
strategy.



H
Method: Storm surge coping capability

Asmentioned in Section 5.3.1, the capability to copewith storm surges is inherently the leading criterium
when evaluating different alternatives, due to the nature of the project. It can be described as a boundary
condition tobemetby thealternatives, inorder to functionasabarrieratall. Thealternativesweremodeled
using a XBeach model in order to obtain an overview of the erosion rates of the alternatives. In addition,
analytical calculationsweremade to obtain overtopping rates.

H.1. Erosion rate during normative event
First parameter was the erosion rate during a normative event. This parameter concerned the amount of
sand that is lost due to a storm event, andwasmodeled using XBeach.

H.1.1. Application of XBeach
In this study the model programme XBeach was used to simulate dune and beach erosion in the cross
shore at a specific location alongGalveston Island.

XBeach is an open-sourcemodel, which has been developed with major funding from the USACE, RWS
and the EU (Deltares, n.d.). The original idea of the model was to simulate hydro- and morphodynamic
processes and to see their impacts on sandy coasts. The domain is intended ,in contrast to othermodels,
to haveamaximum in theorder of five to tenkilometers, and themodel is intended todosimulationson the
time scale of storms.

The model resolves the hydrodynamic processes, mentioned in Appendix B.1. Thus, the model is able
to resolve short wave processes such as refraction, shoaling and breaking. Next to that, the generation,
propagation and dissipation of long waves (infragravity waves) are also included in the model. Other
processes, such as wave induced setup, overwash and inundation are taken into account as well. The
morphodynamicprocessesconsistofbedloadandsedimenttransport,avalanchingandabedupdate. The
XBeachprogrammewasvalidatedwithaseriesof tests,bothanalyticalandinthe laboratory. Furthermore,
along the European coastline themodel has been validated on different beaches (Hoonhout, B., 2015).

Themodel originally was developed so that it averages short waves but resolveswave groups. The short
wave variations on thewave group scale are resolved. After a few years, a number ofmodel optionswere
added to the model, whereas nowadays one can choose which time-scales to resolve: stationary model
(short wave averaging, neglecting longwaves), instationarymodel (short wave variations onwave group
scale and associated longwaves) and non-hydrostaticmodel (solves all processes, including short wave
motions).

The stationary wavemodewas selected for implementation in this research, because it efficiently solves
wave-averaged equations but neglects infragravity waves. In the case of the stationary wave mode, the
wave breaking formula fromBaldock has to be applied (Hoonhout, B., 2015).

First, themodel input is described. Next, themodel process is elaborated. Finally, the output of themodel
is discussed aswell as themethod to process the output.
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H.1.2. Input parameters
To keep themodel as simple as possible and subsequently save computational time, a 1Dmodel was set
up. Themodel input parameters are described in the following sections.

Location
One cross section (Figure H.1), at the height of Kahala Beach (29∘9‘46.9548“N ,95∘0‘19.9216“W), was
usedas the location to test all thealternatives. This location is agood representationof theWestEnd,with
anaveragebeachwidthandsmalldunesbehind it. Apointsixkilometersoffshorewasusedas theoffshore
boundary of themodel. There, a linewas drawn perpendicular to the coast, six kilometers offshore froma
point close to the beach, which resulted in a x-grid and associated bathymetry data (seeFigureH.1). This
datawas obtained via NOAA (2007b).

Figure H.1: Location of cross-shore profile, from Google (2020).

Bathymetry&grid
Thebathymetrydataused in themodel isderived fromthecoastalelevationmodelsofNOAA(2007b). The
data is formed troughsurveyscarriedout by institutions includingbut not limited to theUSACEandFEMA,
and has a resolution ranging between 1/3 and 3𝑎𝑟𝑐-𝑠𝑒𝑐𝑜𝑛𝑑. The following procedureswhere carried out
usingArcGISPro. TheNetCDFfileobtainedfromNOAAwastransformedtoaraster layerandtransformed
to a 1D cross-section profile of the bathymetry. As the resolution of the data is equal to 1/3𝑎𝑟𝑐-𝑠𝑒𝑐𝑜𝑛𝑑,
the horizontal spatial step in the cross-shore profiles is equal to ∼ 10𝑚. For both the SWANmodel (see
SectionM) and the XBeachmodel, a 1D cross-shore profile of the bathymetry was generated at the loca-
tion of interest (Kahala beach). The cross-shore profiles for the XBeach- and SWANmodels extend 6𝑘𝑚
and 32𝑘𝑚 offshore respectively. Note that due to a difference in utility, the cross-shore profile used in the
XBeach model extends up to the existing dune line, whereas the cross-shore profile used in the SWAN
model only extends to the shoreline.

For every alternative a specific bathymetry profile was created. The levels of elevation for the points on
land were based on existing characteristics of the different design. These characteristics were found in
(Muller et al., 2018), (Galvez, 2019) and USACE and GLO (2018). The concrete core, in Alternative 3,
was modeled by including a non-erodible structure with an elevation of 4.3𝑚. Due to the fact that it is not
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possible to model a clay core in XBeach, it was assumed that alternative 4 performs the same under all
conditions as Alternative 3. An overview of the four different cross-shore profiles are given in Figure H.2.

(a) 0-option. (b) Alt. 1, USACE.

(c) Alt. 2, High single dune. (d) Alt. 3, Concrete core.

Figure H.2: Cross sections of the alternatives.

The grid must be accurate in order to be able to model all the nearshore processes. However, a too ac-
curate grid requires too much computational time. So, a trade off has to bemade between accuracy and
computational time. For this model a 1D grid is used, which therefore only consists of coordinates in the
x-direction. Thegrid is basedon the slopeof thebed, theCourant number andmanual parameters. Agrid
size of 𝑑𝑥=5.13𝑚was used.

Tidal data
The retrieved water level and wave height data was converted into values with respect to mean sea level
by using FigureH.3
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Figure H.3: Tidal data at location pleasure pier.

Design storms
As mentioned in the preceding paragraph, design storms were created to test the different alternatives.
A storm is characterized by three different parameters: the wave height, the storm surge and the wave
period. Every storm isunique,witheachhavingadifferent chanceof occurrence. For example,Hurricane
Ike is characterized by a wave height that statistically occur 50 year storm and a storm surge level that
occur onceevery 50 years (NOAA, 2020a). Five different stormswere set up to simulate the performance
of the alternatives under different storm conditions: a 10 year storm, a 50 year storm (short, medium and
long duration) and a 100 year storm storm for wave height, storm surge level and wave period. In order
to investigate the impact of storm duration on the alternatives, three different storm durations have been
chosen. The return periods were chosen such that the barrier is not only assessed on a single big storm
event, but also on smaller storm events. This performance review was needed to assess whether the
barrier can still functionwithout excessivemaintenance after such a relatively small event.

The storm surge levels and the wave heights were derived from an analysis by Almarshed (2015), who
determined the offshorewave heights, wave periods, and surge levels for different return periods at buoy
42035. ByusingSwanOne, theseoffshorewaveheights,waveperiodsandsurge levelswere transformed
into nearshore heights and levels. Since there are no buoys in front of theWest End, for simplicity, it was
assumed that buoy ‘42035’ is located 32𝑘𝑚 offshore at the height of Kahala Beach. A more detailed ex-
planation of the use of SwanOne can be found in Appendix M. An overview of the different design storms
including their surge, wave height levels and wave periods is given in Table H.1. Figure M.1 represents
the cross-shore profile of the bathymetry used in the SwanOnemodel.

Table H.1: Design storms.

Design storms (6 kmoffshore) Wave height [𝑚] Storm surge [𝑚] Peak period [𝑠] Storm duration [ℎ]
Storm 1 (10𝑦𝑒𝑎𝑟) 4.74 0.64 11.16 40
Storm2 (50𝑦𝑒𝑎𝑟) 6.10 3.62 8.03 20, 40& 60
Storm3 (100𝑦𝑒𝑎𝑟) 6.58 4.64 8.03 40

Surge
As explained in Section 2.2, storm surge of Hurricane Ike consisted of a forerunner followed by a primary
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surge. Themaximum values for the storm surge with relation to the probability are plotted in this section.
The shape of the data points is compared with the shape of Hurricane Ike. The same duration is plotted
for thedifferent probabilities and the50 year stormhasbeengeneratedwith a shorter,mediumand longer
storm duration.

The height of the forerunner and the primary surge have an empiric relation with each other and can be
described byEquationH.1, based on real Ike data:

𝐻፟፨፫፞፫፮፧፧፞፫=
3
4.71 ⋅𝐻፩፫።፦ፚ፫፲ (H.1)

Two horizontal lineswere plottedwith the primary surge and the forerunner height according to Table H.1
and Equation H.1, in order to find the correct graph indicating the storm surge height. For both wave pat-
terns a uniform distribution was assumed. Finally, both profiles were added, together with the projected
Relative Sea Level Rise (RSLR) in 50 years, which is 0.5𝑚.

10 year storm probability
The height of the storm surge for 10 year storm probability of exceedance is 0.64𝑚 +MSL and thus the
forerunner has an exceedance of 0.41𝑚 +MSL, excluding relative sea level rise.

Figure H.4: Storm surge for 10 year storm probability of exceedance.

50 year storm probability
The 50 year storm probability of exceedance has beenmodeled in three different waves of duration. The
height of all three graphs is 3.62𝑚 +MSL and thus the forerunner has an exceedance of 2.31𝑚 +MSL,
excluding the relative sea level rise. The different figures for a 50 year storm surge of respectively a short,
mediumand long storm are illustrated in Figure H.5a , FigureH.5b ,FigureH.5c.

(a) Short duration. (b) Medium duration. (c) Long duration.

Figure H.5: The storm surge profiles of 50 year storm probability of exceedance for different durations.
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100 year probability
The height of the combined storm surge for 100 year stormprobability of exceedance is 4.64𝑚 +MSLand
thus 2.95𝑚 +MSL for the forerunner, excluding the relative sea level rise. A fit for the graph is indicated in
FigureH.6

Figure H.6: Storm surge for 100 year storm probability of exceedance.

Waveheight
Awave height plot for different probabilities was created, which can be seen in the following figures. The
maximum value of these wave heights is given in Table H.1. The ‘shape’ of the wave height profile was
basedonreal Ikedata,obtainedby(Kennedyetal.,2011a),whichisalsoplottedinthedifferent illustrations.

Figure H.7: Wave height for 10 year storm probability of exceedance.
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(a) Short duration. (b) Medium duration. (c) Long duration.

Figure H.8: The wave height profiles of 50 year storm probability of exceedance for different durations.

Figure H.9: Wave height for 100 year storm probability of exceedance.

Waveperiod
Thewave period has also been generated for the different probabilities, which are given in Table H.1. For
10 year stormprobability of exceedance this is11.16𝑠. For theprobabilities of both50year -, and100year
stormsofexceedanceapeakwaveperiodof8.03𝑠 isgiven. Ashallowwaterwaveperiodof4𝑠 isassumed,
thus both figures run towards 4𝑠. These different fitted curves are illustrated in Appendix H.1.2.

(a) For 10 year storm probability of exceedance. (b) For 50 year-, and 100 year storm probability of exceedance.

Figure H.10: Peak wave periods for different types of storm

Boundaries
Theoffshorewaveboundaryconsistsofimposedwaveandsurgeconditions. Aweaklyreflective-absorbing
typeofboundarywasincluded, toletwavesandcurrentsexit thedomain. Fortheboundariesperpendicular
to the coastline, aNeumann boundarywas chosen, which allows flow to exit the domain.
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Sediment distribution
Looking at its history, Galveston Island wasmainly created through the sediment supply of rivers flowing
into the ocean. However, not only rivers contributed to the sediment composition of the island. It ismainly
composed by three different sources(TheUniversity of Texas at Austin, 2017):

• inorganicmud and sand eroded from the continent;

• organicmud;

• sand and gravel from shells.

Studies showed thatmost parts of the islandaremadeupof abigmudsubstratewith a small sand layer on
top of it. The whole area is sand limited, with minimal supply entering the system. The sand available on
thebeachhasa typicalmediangrainsizeof150𝜇𝑚,whichcanbeconsideredasvery finesand (Freyetal.,
2016). A uniform sediment distribution is assumed to simplify the model. As an input for the model a 𝐷ኺ
valueof150𝜇mischosen,whereasthe𝐷ዃኺ valueisbasedonHarteretal. (2015),whouseda𝐷ዃኺof187𝜇𝑚.

Relative sea level rise and subsidence
According to theUSACE, thedifferentdesignsshouldat leasthavea lifetimeof50years. Therefore, itwas
assumed that thedesignstorms takeplace in theyear2070. Thecurrentmeansea level rise isdetermined
to be 6.62𝑚𝑚/𝑦𝑒𝑎𝑟 (NOAA, 2007c). Together with a subsidence rate of 2.3𝑚𝑚/𝑦𝑒𝑎𝑟 (Paine, 1993), this
gives a relative sea level rise of approximately 0.5𝑚 in the year 2070.

Flow
Thisstudyonly focusesondevelopments in thecross-shoreprofileduringastorm. Thereforeonlyasingle
storm is simulated with a relatively short term. No astronomical constituents or other currents are taken
into account in the model. The potential flows that have been created in the model can leave the model,
due the its open boundaries.

Other input parameters
In the params.txt input file (as can be seen in the figures H.11, H.12, andH.13) several other parameters,
such as themorfac, Courant number, Chezy value, breaker index 𝛾 and bottom friction, could be adjusted
to further fine-tune the model. Values for these parameters were based on the validated model of Muller
et al. (2018).



H.1. Erosion rate during normative event 96

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%
%%% XBeach parameter settings input file                                     
%%%
%%%                                                                          
%%%
%%% date:     18-Mar-2020 06:02:32                                           
%%%
%%% function: xb_write_params                                                
%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%

%%% Physical processes %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%

-

%%% Grid parameters %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%

depfile      = bed.dep
posdwn       = 0
nx           = 1207
ny           = 0
alfa         = 0
vardx        = 1
xfile        = xnew.grd
yfile        = ynew.grd
thetamin     = -90
thetamax     = 90
dtheta       = 15
thetanaut    = 0

%%% Time management %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%

tstart       = 0
tstop        = 288000
tintp        = 60
tintg        = 600
CFL          = 0.7

%%% Wave breaking parameters %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%

break        = baldock
gamma        = 0.7
n      = 10

%%% Wave boundary condition parameters %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%

instat       = stat_table

Figure H.11: Input file params.txt (1/3).
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bcfile       = medium_50waves.txt
rt           = 288000
dtbc         = 1

%%% Flow parameters %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%

C            = 55

%%% Flow boundary condition %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%

front        = abs_1d
back         = abs_1d

%%% Tide boundary conditions %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%

zs0file      = medium_50surge.txt
tideloc      = 2
paulrevere   = 0

%%% Limiters %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%

gammax       

%%% Sediment transport parameters %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%

rhos         = 2650
D50          = 0.000150
D90          = 0.000187
struct       = 1
ne_layer     = nebed.dep

%%% Morphology parameters %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%

morfac       = 10
morstart     = 3600

%%% MPI Parameters %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%

mpiboundary = x

%%% Output variables %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%

outputformat = netcdf
tunits       = seconds since 2016-12-01 +0
nglobalvar   = 14
H 

Figure H.12: Input file params.txt (2/3).
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Figure H.13: Input file params.txt (3/3).

H.1.3. Process
The alternatives were tested by running the model with the specific bathymetry and the different design
storms. Twenty runs were executed. Vegetation, wind and groundwater flowswere not included in these
runs.

In order to use themodel with a level of certainty, a validation was executed before testing all the different
alternatives. For this, historical erosion/accretion and elevation data before and after Hurricane Ike was
used. Aimof this validationwas to analyze the capability of themodel to reproduce thehydrodynamic and
morphodynamic effects of Hurricane Ike for three different transects at Kahala Beach. Where needed,
parameterswere calibrated. The results of this validation are given in Appendix L.

H.1.4. Output parameters
By testing the different alternatives upon different design storms, post storm cross-shore profiles were
obtained. With theobtainedcross-shoreprofiles theerodedamountof sandwascalculated, aswell as the
final height of the dune profile.

H.2. Wave overtopping
The dune alternatives were tested on wave overtopping besides determining the profile with the XBeach
models. More information on the data and the determination of the overtopping rates are explained in
Appendix B.7.2.

H.2.1. Input parameters
Necessarydataused in thesimulation for theanalyticalmodel are fromTableH.1, besides theslopeof the
dune. The necessary input parameters are:

• The significant wave height in deepwater of the given storms;

• The peakwave period;

• Themedian grain size;

• The height of the storm surge level;

• Themaximumheight of the dune alternative;

• The slope of the dune alternative.
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H.2.2. Process
Theovertoppingdischargecanbecalculated from thegivenparameters. Theorder of theanalytical steps
that have to be taken have been calculated in Appendix B.3.

The resulting overtopping discharge has been calculated for the different dune alternatives and for the
three different probabilities of exceedance.

H.2.3. Output parameters
The output parameters are the resulting wave overtopping rates for the different surge and wave height
probabilities. This is calculated for every alternative.
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Method: Stormwater drainage impact

Quantification of the drainage impact parameter consists ofmultiple steps. Firstly, the relevant volume of
runoff was determined based on theModifiedRationalMethod. Secondly, the drainage potential through
thedifferent dune typeswasquantified bymeansofDarcy‘s equation, in order to evaluate thequantitative
impact of the dunes on stormwater drainage. Thirdly, the potential effects of the different alternatives on
the quality of the runoff onto the beachwas assessed.

I.1. Obstructive impact
The 0-option was analyzed first in order to quantify the impact of the various alternatives on the water
volumes. Afterwards, these outlet points were assumed to be closed by the specific barrier alternatives
(see Figure I.1), and the potential discharge through the systemswas calculated.

I.1.1. Input
The input for this part of the research consists of thedaily volumes calculatedby theMRMand the charac-
teristics of the different alternatives as described in Section 3.5.

I.1.2. Process
Firstly, the 0-option was assumed, with 71 open stormwater outlet points onto the beach. This allowed
to come upwith an estimate for the water depths in the current outlets through the dunes onto the beach,
using a rewritten version of theManning-Strickler equation:

Dune Dune
Opening to beach

(a) The 0-option.

Dune Dune

Dune outlet closed

New dune height W

(b) Alt. 1-4: Closure of the outlet.

Figure I.1: Schematic overview of a drainage outlet before and after closure, observed from the beach.
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𝑑=( 𝑄𝑛
𝑊√𝑆

)
ኽ/

(I.1)

In which:

𝑑 is thewater depth at location of the outlet point [𝑚]

𝑄 is the discharge through the outlet [𝑚ኽ/𝑠]

𝑛 isManning‘s roughness coefficient [𝑠/𝑚ኻ/ኽ]

𝑊 is thewidth of the outlet [𝑚]

𝑆 is the slope of the outlet [ - ]

The original Manning-Strickler‘s equation was used to calculate discharges in drainage channels. This
equationuses thehydraulic radius𝑅. 𝑅wasassumed tobeapproximatelyequal to𝑑, basedon the relative
low height compared to thewidth of the channel. The value for 𝑛 depends on thematerial and state of the
channel: smoothermaterialshavea lowervalue for𝑛and the𝑛-value increases for increasing roughness.
TypicalManning‘s roughness coefficients are definedbyChow (1959) and canbe found in various design
guides. The slope 𝑆was calculated inArcGISPro, as anaverageof the slopeof each individual cell within
a catchment area.

Some important assumptionsweremade in this approach:

• Firstly, the total volumes obtained from application of the MRM were assumed to completely flow
onto thebeach through thecorrespondingoutletpoint. Thismeans that thecalculateddailyvolumes
are directly used in Equation I.1;

• Secondly, thewidthwasestimated tobeequal to10mforall outletpoints. Thirdly, theaverageslopes
for the entire catchment areaswere calculated using ArcGIS andwere used in Equation I.1;

• Lastly, a valueof 0.02wasassumed forManning‘s coefficient, basedonArcement Jr andSchneider
(1989).

Secondly, the outlet points were assumed to be closed of by the different alternatives. For the character-
istics of the alternatives see Section 3.5. Darcy‘s equation was applied to come up with a potential flow
of water through each dune alternative. In this way, the dunes were modeled as aquifers with different
hydraulic conductivities. Darcy‘s equation is shown in Equation I.2.

𝑄፝፮፧፞=−𝑘𝐴
Δℎ
𝐿 (I.2)

In which:

𝑄፝፮፧፞ is the discharge through the dune [𝑚ኽ/𝑑]

𝑘 is the hydraulic conductivity [𝑚/𝑑]

𝐴 is the cross sectional area of flow through the dune [𝑚ኼ]

Δℎ is the drop in hydraulic head over the length of the dune [𝑚]

𝐿 is the length of the dune base [𝑚]
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Values for 𝑘 are specific for each soil type. Table I.1 shows typical values for 𝑘.

Table I.1: Hydraulic conductivity ranges for different materials (Bakker, 2018).

Material 𝑘[𝑚/𝑑𝑎𝑦]
Clay <0.0001
Sandy clays 0.0001 - 0.001
Silt 0.001 - 0.01
Very fine sands 0.1 - 1
Fine sands 1 - 10
Course sands 10 - 100
Sandswith gravel 100 - 1000
Gravels >1000

Some important assumptions were made in this method. First, the cross sectional area of flow was as-
sumed to remain equal to the 0-option. This implies that the values for𝑊 and𝑑were assumed to beequal
to the 0-option, whichmeans a value of 10𝑚 for𝑊. 𝑑 varied for each different runoff volume, but followed
from Equation I.1. Secondly, only 1D-flow in the direction of the beach was considered, as horizontal
conductivity is generally lower than vertical conductivity of soils. Thirdly, the water depth at the outflow
location was assumed to be negligible. Lastly, the pores of the soil were assumed to be completely filled,
hence no infiltration was possible and equal in slope to the 0-option. The last assumption implies that Δℎ
can be calculated as follows:

Δℎ=Δ𝑧+𝑑
Δ𝑧=𝑆𝐿 (I.3)

In which:

Δℎ is the difference in hydraulic head [𝑚]

Δ𝑧 is the difference in elevation [𝑚]

𝑑 is thewater depth at the inner side of the dune [𝑚]

𝑆 is the slope [−]

𝐿 is the length of the dune [𝑚]

The discharge 𝑄፝፮፧፞ calculated in Equation I.2 can be subtracted from the daily volumes 𝑄 calculated
with the MRM in order to obtain an indication of the impact on the drainage conditions at the West End.
Excessivewater was assumed to pond, which can be explained as unwanted pooling of water.

I.1.3. Output
The output of these steps is the difference in ponding volume𝑉፩፨፧፝[𝑚ኽ].

I.2. Quality impact
The quality impact of the land barrier on the drainage conditions is expressed in one unit:

• The expected change in quality of the beachwater.
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I.2.1. Input
The input for thisqualitativeanalysiswere theusedmaterialand thedischargesonto thebeach, calculated
byEquation I.2.

I.2.2. Process
The potential impact of the alternatives on the beach water quality was analyzed in two ways. First way
of impact is a change in runoff discharge into the beachwaters. A decrease in runoff dischargewith a low
qualitywould implyadecrease inpollutants reaching thebeachwater. Secondwayof impact isachange in
pollutantconcentrationof therunoff,dueto filteringfunctionalityof thedune. Ifconcentrationsarereduced,
beach water quality will increase. If the presence of a particular alternative generally led to a increase in
beach water quality, the alternative was awarded a ‘+’. If an increase in pollutants was expected, the
alternativewas awarded a ‘-’. If no significant effect was expected, the alternative received a ‘0’.

I.2.3. Output
The output is the expected change in quality of the beachwater.
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Method: Maintainability

The human presence along the sandy shores ofGalveston IslandWest Endmake conservation activities
and restoration efforts relevant in order to sustain coastal systems, human activities and keep its function
as a storm surge barrier.

Different characteristics and guidelines for the maintenance of the dunes were considered in order to
identify notable differences between the proposed alternatives. This criterion was based on the outcome
of conducted interviews and meetings were held in the course of the research. In accordance with the
superiors at the Texas A&M University Galveston Campus, the identified criterion answers the research
questions proposedandhelps define guidelines that should be considered for the criterion ofmaintainab-
ility of the dune system. This criterion is discussed in Appendix J.1.

J.1. Maintenance approach
Regardless of the dune system alternative assessed, the alternative is going to have to cope with two
different types of maintenance, which are post storm dune recovery and regular maintenance. Beach
anddunenourishment fall under regularmaintenance. Maintenance is necessary in order topreserve the
integrity of the dune system, the beach line and the dune ecosystem in everyday conditions throughout
the year. However, with the occurrence of a storm event a dune systemmight be damaged and is in need
of post-stormmaintenance.

Input parameters andprocessing
The material composition served as a basis for the maintenance approaches applicable for the different
dune systemalternatives. A literature review of dune systemmaintenance strategies served as the basis
for conclusions and guidelines mentioned in this report. A distinction is made between beach and dune
nourishment and post-stormmaintenance. Theapproach led to a result of differentmaintenance require-
ments for different specifiedmaterials and the functions of the (hybrid) dune after a storm event.

Output parameters
Guidelineswere set in the formof recommendations for the different dune systemalternatives, budgeting
of maintenance activities have not been considered in this research. In Section 6.1.3, each dune sys-
tem was graded upon this criterion. Dune systems that require regular sand nourishment and unable to
cope with multiple storm events were valued with a ‘0’ symbol. Dune systems that require regular sand
nourishment, but have a good post-storm resilient design (meaning that the dune remains some storm
protectionaftera first stormevent)werevaluedwitha ‘+’ symbol. Dunesystems that requiresandandclay
nourishment and are not able to copewithmultiple storm events, were valuedwith a ‘-’ symbol.
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Method: Sociopolitical acceptability

Theprocess of designing a landbarrier is a large undertaking and requires cooperation ofmanygroupsof
diverse experts. The challenge that arises is to connect technical knowledge with sociopolitical decision
making. This chapter shows the approach to quantify the sociopolitical acceptance with regard to the
proposed alternatives.
The sociopolitical criterion was tested on these parameters: ”Fitting of the dune”, ”Effect on the line of
sight”, and ”Accessibility” in order to determine the wishes of residential and recreational stakeholders.
The identified parameters allowed to give a measure for the requirements for sociopolitical acceptance
of the land barrier. These parameters are further elaborated in Appendix K.2 up to Appendix K.4. The
parameters were determined by combining findings of the literature study and interviews with the public
and professionals, that were held during the course of the research.

K.1. Sociopolitical acceptability assessment
Five cross sections were made on the Galveston Island West End, all showing dominant differences in
morphology along the coast. Consequently, a projection of the dune alternatives upon these cross sec-
tions was made in order to value the sociopolitical parameters. These cross sections consider various
locations fromwest to east, starting from theWest at Kahala Beach, Jamaica Beach, PalmBeach, Pirate
Beach, Sunbather Ln., with symbols from A to E respectively. Each cross section differs in beach width,
dune base width, dune crest height, distance of rear dune foot till first property and property heights. Be-
causeof a lack of exact property heights, elevationswere derived byFEMAproperty height preconditions
for the various construction years of analyzed properties.

K.2. Fitting of the dune
An evaluation of the dune footprints upon the current coastal morphology of Galveston Island West End
was conducted to seewhat themorphological consequences are in regard to the coastal line.

K.2.1. Input parameters
The fitting of the dunes along the Galveston IslandWest End was considered by an evaluation of 5 cross
sections of the West End and projecting the cross section of each dune alternative on it. Alternatives 3
and4bothusea reductionor enlargementof adunebasewidths,whichcorrelateswith variousdunecrest
heights and stormcoping capacities. A difference in these parameterswas not considered in this section.

K.2.2. Process
The aim of the projection of the dune cross section on the Galveston Island West End was to determine
the projected shift of the coastal line in the direction of the Mexican Gulf and to determine guidelines and
actions that should be considered, for example regarding the adjustment of current coast to the new situ-
ation. Onepreconditionagreeduponby theUSACE for theplacement of adune is that nopropertiesneed
to be moved or removed. The starting point for the projection of any dune alternative is the dune foot on
the property side, andmoving in the direction of theGulf ofMexico.
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K.2.3. Output parameters
Oneprecondition for the evaluation of the alternatives is that the current coastline should be kept in place.
Thealternativewasvaluedwitha ’+’ if the current beach line couldbekept in place, even if thebeachwidth
was reduced. A value of ’-’ was applied if the alternative moved the beach line offshore a value of ’0’ was
applied if the alternative proposed a range of dune system dimensions that resulted in either retraction or
expansion of the coast line.

K.3. Effect on the line of sight
Thedifferent alternatives comewith different duneheights. Theseheights canblock the lineof sight to the
beachof thehomeownersat theWestEnd. Anevaluationof theeffect on the lineof sightwasundertaken.

K.3.1. Input parameters
The degree of visibility is determined by an evaluation of the cross sections on 5 differing locations on
Galveston Island West End. The following three elevation standards heights were assumed in order to
define the height of the first floor of the properties: 3.5𝑚 +MSL , 3.7𝑚 +MSL and 4.3𝑚 +MSL. Research
has shown that these standards were most frequently used for the last 20 years. These heights were
recommended as a mitigation guide by local engineering companies who provide home elevation ser-
vices. AppendixG.2.2 furtherelaborateson the localpolicyofGalveston IslandWestEndand thedifferent
elevation standard heights.

K.3.2. Process
The height of the dune alternatives were compared with the height of the first floor of the different homes.
Thedistanceof the innersideof theduneto theheightof the first floorof thepropertieswerealsomeasured.

K.3.3. Output parameters
Onecondition for theevaluationof thealternatives is tonotblock thevisual landscapeof thehomeowners.
The alternative was valued with a ’+’ if the line of sight was not blocked. A value of ’-’ was applied if the
alternative blocked the visual landscape of the property on the first line after the dune.

K.4. Accessibility
Anevaluationon theaccessibility to thebeachesofGalveston IslandWestEndwasconducted toexamine
the consequences of the dune alternativewith regard to the public coastal access.

K.4.1. Input parameters
TheBeachAccessibilityGuideofTexasprovidedbyTexasGeneralLandOffice(2011)consistsofguidelines
on how dune walkoversmust be constructed. This guidance document consists of both the Beach/Dune
Rules and GLO’s Dune Protection Manual. Requirements relevant for this project are summarized as
follows:

• The deck of the dunewalkover needs to be constructed at aminimumof 0.9𝑚 above the dunes;

• The running slopes of the dunewalkoversmay not exceed 5%;

• The dunewalkovers need to complywith the portions of TexasAccessibility Standards (TAS);
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• The design needs to be able to construct the appropriate amount of resting intervals/ level landings
with regard to the running slope.

The total list of requirements of the TexasBeachAccessibility Guide is further elaborated in Appendix N.

K.4.2. Process
The accessibility is valuated in accordance to the Beach Accessibility Guide of Texas to determine if the
dune alternative allows full beach access to the public. Temporary interruption of the beach access was
not considered as disruption of the public beach access. This indicated minor transportation impacts,
resulting from increased vehicular congestion along streets, roads and highways. However, construction
andoperationalmeasures shouldminimize impacts on the accessibility of the beachandbeaddressed in
engineering plans.

K.4.3. Output parameters
One precondition for the evaluation of the alternatives is that the public of Galveston Island West End
should be afforded full and fair access to beaches and existing public coastal access. The alternative is
valuedwitha ’+’ if theproposedshapedonot indicateanyproblems tomeet the requirementsasset by the
Texas Beach Accessibility Guide, so the access of the beach is not blocked. A value of ’-’ is applied if the
alternative does indicate problems tomeet the requirements set by theTexasBeachAccessibilityGuide.



L
Validation XBeachmodel

This appendix describes the validation process of XBeach.

L.1. Method
Pre and post Ike bed elevation datawere compared to themodel output values to validate themodel. The
validation focusedon three different transects at the height of KahalaBeach. These transectsweremade
perpendicular to the coastline. The middle transect, transect B, is the one which is used as a base on
which the five different alternatives have been tested. Transect A is located 100meters west of this point,
transectC 100meters east of this point. The transects at the height of KahalaBeachwere chosen in such
a way that houses or other hard structures were not included in the cross section. The exact location of
these transects can be seen in Figure L.1. The area behind the dune, containing vegetation and asphalt,
wasmodeled as if it is completely non erodible.

Figure L.1: Location of transects for validation.

The input storm for this validationprocesswasset upwith databasedonmeasurementsduringHurricane
Ike. The other boundary conditions are described in Appendix L. At the different cross sections, bed elev-
ation data fromLiDARsurveys have been obtained, one dataset from2007 and one from2009. This data
wasplottedagainst preandpost Ikebed level data from theXBeachmodel. Thenext sectionpresents the
results of the validation process.
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L.1.1. Results
InFigureL.2a, FigureL.2bandFigureL.2c it canbeseen that thepost Ikeprofiles from themeasurements
and theXBeachmodelmatch quitewell. However, there is a clear difference, about half ameter, between
thepredictedbed leveland the2009measurements. This indicates that theXBeachmodeloverestimated
the erosion rate at all transects. This can be explained by various factors:

• The post Ike LiDARmeasurements were obtained from November 2009, one year after Hurricane
Ike has hit the American coastline. Within this year, the dune system could have already restored
itself partially or artificial nourishments could have taken place.

• Vegetation, which normally inhibits erosion, has not been taken into account in the model. Areas
with vegetation havemuch higher resistance against flow. It is possible tomodel this in XBeach but
this is not taken into account.

• Themodelassumeseverything tobesand. Lesserosivematerialsandhardstructuresarenot taken
into account, causing erosion to be overestimated.

(a) Validation result transect A. (b) Validation result transect B.

(c) Validation result transect C.

Figure L.2: Validation cross sections A, B & C.

L.1.2. Performance
In order to be able to use the model as a manner to test the different alternatives a assessment of the
overall performance has to be made. The model performance is assessed by plotting the modeled bed
level changeagainst themeasuredbed level change for all the transects,which canbeseen inFigure L.3.
Most points are located close to the dashed line, whichmeans themodeled bed level changesmatchwith
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the measured bed level changes. However, there is large deviation of points at the right side of the plot,
whichmeans overestimation ofmodeled bed level changes.

Figure L.3: Validation accuracy.

The performance is qualified by calculating its skill. It compares the simulated error in bed level change
with the variance of themeasured bed level change:

𝑆𝑘𝑖𝑙𝑙=1−
∑።ፍ(𝑑፳,ፌ፞ፚ፬፮፫፞፝,።−𝑑፳,ፌ፨፝፞፥፞፝,።)ኼ

∑።ኻፍ (𝑑፳,ፌ፞ፚ፬፮፫፞፝,።)ኼ
(L.1)

In which:

𝑁 is total number ofmeasured points from the LiDARdata

𝑑፳,ፌ፞ፚ፬፮፫፞፝,። is themeasured bed level change according to the LiDARdata at location 𝑖

𝑑፳,ፌ፨፝፞፥፞፝,። is themodeled bed level change according to XBeach at location i

𝑆𝑘𝑖𝑙𝑙 = 1 means an one-to-one correlation with the reality. 𝑆𝑘𝑖𝑙𝑙 = 0 indicates that the simulation is no
better than simulating no bed level change. 𝑆𝑘𝑖𝑙𝑙 < 0means that the simulation is worse than predicting
zero bed level change.

Table L.1: Skill results.

Transect Skill
A −0.1115
B −0.9268
C −0.1288

Theresults fromtheskill calculationssuggest that themodel isworsethanpredictingzerobedlevelchange
for all transects. However, the XBeach model predicts on average half a meter lower bed level than was
measured from the LiDAR data. For the purpose of this research this result is deemed sufficient enough
to test the different alternatives.
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SwanOne

The design wave height for the different storms is based on data obtained from an offshore wave buoy,
NOAA’s buoy ‘42035’, which is located 32𝑘𝑚 offshore at the height of the Bolivar Channel. Almarshed
(2015) analyzed time series with an extreme value analysis, based on a Weibull distribution. The off-
shorewave heights are transformed into nearshore heights for three different return periods using Swan.
The bathymetry obtained via NOAA (2007a) was used an input. ‘Swan’ stands for “Simulating WAves
Nearshore”. As an 1DXBeachmodel is deemed sufficient, a 1Dwave climate nearshorewas generated.
ThusSwanOnewasused,which is a subset ofSwanwasmadespecifically to generate1Dwaveprofiles.

Figure M.1: Bathymetry ranging up from the offshore SwanOne boundary up to Kahala Beach.

SwanOnerequiresboundaryconditionsat thedeepseaboundary, thusat32kmoffshore(seeFigureM.1).
The following boundary conditionswere used:

• Water depth
In SwanOne, the water depth is the additional depth added toMSL. Thus, the storm surge level rel-
ative toMSL is entered here. The different storm surge for the storms are obtained fromAlmarshed
(2015).

• Wave setup
As the waves enter the breaker zone, wave set up occurs for all storms (Bosboom and Stive, 2015,
p=200). Thus, this function is enabled for all storms.
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• Wind velocity
The wind speeds for all storms are based on the return periods for hurricanes in the Galveston Bay
area Keim et al. (2007). SwanOne can onlymodel wind speed in a single direction. Therefore, The
wind is modeled as acting perpendicular to the shore. As this is the most unfavorable situation, for
each of the normative storms the lowest bound of wind speed is chosen as input. The chosen wind
speeds of stormswith a return periods of 10 years, 50 years and 100 years correspondwith the low
boundsof thewind speedsof category 1, category 3 and category 5 respectively. Note that thewind
speed of Hurricane Ike corresponded to the low bound of a category 3 hurricane.

• Spectral significantwave height
Similar to thestormsurge level, thespectral significantwaveheight forall storms isobtained fromAl-
marshed(2015). Theextremevaluesof thesignificantwaveheightwheredeterminedwithaGumbel
distribution.

• Peakperiod
Similarly to the significantwaveheight and the stormsurge level, thepeakperiodwasobtained from
Almarshed (2015). A joint probability distribution was formulated of the values for the peak period
and the corresponding extreme values of the significant wave height to determine extreme values
of the peak period.

• 𝛾- and 𝑐𝑜𝑠፦-factor
These factors govern the spreading and the amount of energy transmitted into the system TUDelft
(2018). Due to the limited data available the decisionwasmade to leave these values at the default
value for all storms. Thus, for all SwanOne runs: 𝛾=3.3 [−]and 𝑐𝑜𝑠፦=1 [−].

An overview of the boundary conditions used in the SwanOnemodel for all storms is given in TableM.1.

Table M.1: Overview of the boundary conditions of the SwanOne model.

Return period storm [𝑦𝑒𝑎𝑟] 10 50 100
Water depth [𝑚] 0.60 3.58 4.71
Wind velocity [𝑚/𝑠] 33.08 49.17 58.06
Spectral significant wave height [𝑚] 4.80 5.96 6.54
Peak period [𝑠] 11.50 12.85 12.91



N
TexasBeachAccessibility Guide, dune

walkovers

The Texas Open beaches Act states the public should be afforded full and fair access to beaches and
existingpublic coastal access. Thepurposeof theTexasBeachaccessibilityGuide is toprovideguidance
for local governments implementing and adopting beach accessibility measures (Texas General Land
Office, 2011). This document has beendeveloped in cooperationwith theTexasDepartment of Licensing
and Regulating (TDLR). Specifications and standards are based on the Texas Accessibility Standards
(TAS).Whenimplementingthesemeasures, localgovernmentmustcoordinatetheTexasGLOandTDLR.

Accessible public beachmay include permanent pathways such as dunewalkovers. Dunewalkersmust
be constructed to provide a smooth transition of joining surfaces landward to seaward. Figure N.1 shows
theconstructionof adunewalkover (TexasGeneral LandOffice, 2011). Inaccordance to theTexasBeach
accessibilityGuide, theGLO’sDuneProtectionManual andDuneRules, dunewalkersmust be construc-
ted in accordance to the following requirements:

• Dunewalkoversshouldminimizedunedamagesandmaintainaccessibilitywithoutcreatingobstruc-
tion and hazards on the public beach;

• DuneprotectionandbeachaccessplanmustcomplywithTASandanyother locallyadoptedbuilding
code to provide for public safety;

• Dune walkovers should commence landward of the back dunes and extend into the beach beyond
the foredune ridge and coppicemounds.

• Walkoverswith running slopes that exceed 5%must comply with the portions of TAS;

• The deck of a dune walkover should be constructed at a 0.9𝑚minimum above the dunes. This in-
cludes adjacent dunes, equal to thewidth of thewalkovers. This is to accommodate dunemigration
and allow sunlight and rain to reach underlying dune vegetation;

• To prevent hindering access sand accumulating, the seaward terminus should be oriented at an
angle away from the prevailingwind directions;

• Slats that form the deck of a walkover must run perpendicular to the direction of travel and must be
spaced 0.01𝑚 apart.

• Support posts should be implemented at least 1.5𝑚 in the ground to ensure stability and to allow for
erosion during storm events;

• Theseasideofadunewalkovershouldbelocatedfarenoughlandwardtopreventregulardestruction
fromwave action;

• Opening along the surfaces of footpaths must run perpendicular to the direction of travel and not
exceed 0.01𝑚 in width. In order to accommodate one-way passage for a single wheelchair, a min-
imumclear width of 0.91𝑚 is required. If the natural conditions not allow this, the clear widthmay be
reduced to 0.8𝑚 for a distance no greater than 0.6𝑚. However, it is highly recommended to provide
a two-way passing for a single wheelchair. If the width of a beach route is less than 1.5𝑚, a 1.5𝑚 by
1.5𝑚 passing space should be provided every 61𝑚;
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Figure N.1: Schematic design of a dune walkover (L.Tanner et al., 2013).

• Thecross slopeof the footpathon thepublic pedestrianbeachaccess shall not exceed5%. Resting
interval should be at least as wide as the public beach access way and 1.5𝑚 long. These resting
intervals/level landings must be provided at least every 15𝑚 for running slopes up to 10% and at
least every 9𝑚 for running slopes of 8.33%;

• Edge protection for beach access routes should be constructed to prevent sand accumulation and
minimize interferencewith natural sanddistribution. For beachaccess routeswith drop-offs greater
than0.025𝑚but lessthan0.15𝑚, theverticaledgeofthedrop-offmustbebeveledwithaslopeof50%;

• Beach access routes shall provide a vertical clearance of at least 2𝑚;

• Beach access routes shall be designed to prevent water accumulation along the pathway.
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N.1. Dune walkovers
Dune walkovers are commonly built to provide public access from off-beach parking areas to beaches in
areaswheredunevegetationanddunescanbedestroyedordamagedbytheconstructionoffootpaths. Be-
sides this, thedunesneed tomaintain itsnaturaldefensesystemfor thecoastline. Asa result, theseaward
terminusof a dunewalkover is located far enough landwardand thedeck is constructedat a proper height
above the dunes Texas General Land Office (2011). This is necessary to avoid regular destruction from
accommodate project shoreline changes or wave action and to prevent sand accumulating on the deck.

Dunewalkoversmustensuresmoothtransitionof joiningsurfacesfromthelandwardtotheseaward. Local
governments must decide on how to balance the protection and needs of the natural beach environment
whileprovidingaccess toasmanypeopleaspossible. ThepublicofGalveston IslandWestEnd isafforded
access to beaches by dune walkovers on the locations as visualized in Figure N.2. These public pedes-
trian accesses vary in design and sizes. An example of a dunewalkover onGalveston IslandWest End is
shown in FigureN.3.

Figure N.2: The locations of dune walkovers on Galveston Island West End (own illustration).
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Figure N.3: Front side of a Dune walkover on Galveston Island West End at Kahala Beach.



O
Results

This appendix provides an overview of the results of the parameters of the criteria.

O.1. Storm surge coping capability
The quantitative results obtained from the XBeach model runs are summarized in Table O.1, Table O.2,
Table O.3, Table O.4 and Table O.5, grouped by the intensity of the storm. For the 50 year storm, results
are grouped by the duration of the storm. The initial height is the highest point in the cross shore profile
before running themodel. The final height is theheight of thepointwith thesamex-coordinateas the initial
height, after doing the simulation. All heights are listed with respect to Mean Sea Level. The associated
figures give both a visualization of the cross shore profiles after a storm event and the wave height and
water level during the peak of a storm. It is important to keep inmind that themodel gives a higher erosion
rate than in reality, whichwas found during the validation process.

O.1.1. Results 10 year storm
Running themodelwith the lowest intensity storm results inprofilesFigureO.1a,FigureO.1b,FigureO.1c
and Figure O.1d. It can be seen that the final height of every profile remains the same, which indicates
that there is no threat for the underlying area. According to themodel, the four alternatives are all able to
withstand the storm. The eroded volume is in all cases approximately the same and is low enough for the
dune to be able to restore itself (Doody, 2012).

Table O.1: Results 10 year storm.

10 year storm 0-option Alt. 1 Alt. 2 Alt. 3
Volume eroded away [𝑚ኼ/𝑚] 9.39 9.40 9.55 9.46
Initial height [𝑚] 2.51 4.30 7.50 6.50
Final height [𝑚] 2.51 4.30 7.50 6.50
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(a) 0-option. (b) Alt. 1.

(c) Alt. 2. (d) Alt. 3.

Figure O.1: Behavior of different alternatives under 10 year storm conditions.
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O.1.2. Results 50 year storm, short duration
The resulting profiles for the runs with a short duration 50 year storm can be seen in Figure O.2a, Fig-
ureO.2b, FigureO.2candFigureO.2d. Both the0-optionandalternative 1 show largeamounts of eroded
sand. Theprofilesarecompletely flattened,whichmeans that theunderlyingarea faces largeovertopping
rates and inundation time. Alternative 2 and 3 are able to withstand the storm and show self restorable
amounts of eroded sand. The concrete core, in the case of alternative 3, is not exposed.

Table O.2: Results 50 year storm, short duration.

50 year storm (short duration) 0-option Alt. 1 Alt. 2 Alt. 3
Volume eroded away [𝑚ኼ/𝑚] 832.04 430.58 39.22 39.10
Initial height [𝑚] 2.51 4.30 7.50 6.50
Final height [𝑚] −1.36 −0.02 7.50 6.50

(a) 0-option. (b) Alt. 1.

(c) Alt. 2. (d) Alt. 3.

Figure O.2: Behaviour of different alternatives under 50 year storm conditions (short duration).
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O.1.3. Results 50 year storm, medium duration
Increasing the duration of the storm results in larger eroded volumes, in the case of the 0-option and al-
ternative1. With alternative2and3, theerodedamount of sanddecreased. It canbeseen inFigureO.3a,
FigureO.3b,FigureO.3candFigureO.3d. Again, theprofilesof the0-optionandalternative1areflattened,
witha finalheightbelowMeanSeaLevel. According to themodel, alternative2and3keep thesameheight
after this storm has hit the coast.

Table O.3: Results 50 year storm, medium duration

50 year storm (mediumduration) 0-option Alt. 1 Alt. 2 Alt. 3
Volume eroded away [𝑚ኼ/𝑚] 1221.95 608.18 34.91 34.84
Initial height [𝑚] 2.51 4.30 7.50 6.50
Final height [𝑚] −2.09 −0.64 7.50 6.50

(a) 0-option. (b) Alt. 1.

(c) Alt. 2. (d) Alt. 3.

Figure O.3: Behaviour of different alternatives under 1/50 year per year storm conditions (medium duration).
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O.1.4. Results 50 year storm, long duration
The 50 year stormwith the longest duration gives results Figure O.4a, Figure O.4b, Figure O.4c and Fig-
ure O.4d. The final heights, associated with the 0-option and alternative 1, are both less than twometers
below Mean Sea Level. This means very large amounts of overtopping and a complete destruction of
Galveston Island. Alternative 2 and 3 are again able towithstand the stormand show reasonable eroding
rates. The dunes might need an artificial nourishment after the storm has hit the coast but can mostly
restore themselves.

Table O.4: Results 50 year storm, long duration.

50 year storm (longduration) 0-option Alt. 1 Alt. 2 Alt. 3
Volume eroded away [𝑚ኼ/𝑚] 2134.68 1358.12 59.94 54.97
Initial height [𝑚] 2.51 4.30 7.50 6.50
Final height [𝑚] −3.23 −2.15 7.50 6.50

(a) 0-option. (b) Alt. 1.

(c) Alt. 2. (d) Alt. 3.

Figure O.4: Behaviour of different alternatives under 50 year storm conditions (long duration).
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O.1.5. Results 100 year storm
The storm with the highest intensity gives post storm profiles, which can be seen in Figure O.5a, Fig-
ure O.5b, Figure O.5c and Figure O.5d. As expected, the 0-option and alternative 1 show destructive
results. Alternative 2 and 3 remain standing during this storm. The concrete core, at alternative 3, is
exposed, whichmeans extensive restorationworks has to be executed after this storm has hit the coast.

Table O.5: Results 100 year storm.

100 year storm 0-option Alt. 1 Alt. 2 Alt. 3
Volume eroded away [𝑚ኼ/𝑚] 1885.16 1235.20 62.31 55.92
Initial height [𝑚] 2.51 4.30 7.50 6.50
Final height [𝑚] −2.98 −1.96 7.49 6.50

(a) 0-option. (b) Alt. 1.

(c) Alt. 2. (d) Alt. 3.

Figure O.5: Behaviour of different alternatives under 100 year storm conditions.

O.1.6. Results erosion events
It can be concluded that the 0-option and alternative 1 do not perform well under conditions with a lower
return period than 10 year storm. According to the model results, the profiles of these alternatives are
flattened after high intensity storms have hit the coast. Therefore these alternatives have both been rated
with a ‘-’. Alternative 2, 3 and4 (it is assumed that, in themodel, alternative 4 performs the sameasaltern-
ative3) havebeen ratedwith a ‘+’, since thesealternativesareable towithstand theheavier storms. Dune
erosion is visiblebut thedunecan restore itself orminimumrestorationwork is required. Thegradesof the
results are given in TableO.6.

Table O.6: Results for erosion during normative event.

Parameter 0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
Erosion during normative event - - + + +
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O.1.7. Results overtopping
Comparison of the results from thewave overtopping shows that the different options all do not suffice for
the maximum allowable overtopping rate of 1 l/s per m stated in the Section 4.1. The low elevation with
relation toMSL for the 0-option caused the largest overtopping rates. Because of this, a ‘-’ has been rated
for this option. Alternative 1 follows in decreasing order of wave overtopping. The elevation is higher than
the 0-option, but not as high as the other alternatives. ‘0’ as a grade is deemed fair for alternative 1, due to
thewidedesignof thedune theovertoppingcouldhavenot toodamagingconsequences. Thehybriddune
option can withstand the overtopping of a 10 year storm. The complete results of the wave overtopping
capability have beenworked out in Appendix B.7.2.

Table O.7: Results for wave overtopping capability.

Parameter 0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
Wave overtopping capability - 0 + + +

O.2. Stormwater drainage impact
This section discusses the results for the parameters ”Obstructive impact” and ”Quality impact”. These
are shown in TableO.8 and TableO.12 respectively.

Table O.8: Result for stormwater drainage impact parameter ’Obstructive impact’.

Parameters 0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
Δ𝑉፩፨፧፝ 0 - - - -

O.2.1. Quantitative impact
An indicationof thequantitative impact of thedifferent alternativeson thedrainage through theoutlets can
beseen inTableO.9, showing the results for thedifferent returnperiods foroutletpoint𝑃2. Ascanbeseen,
discharges through thedunesareverysmall compared to thegeneratedvolumes,orequal tozero. Ascan
beseen, the impactof thedunefullydependsonthek-valueassignedto thematerial, but ingeneral theout-
flowthroughthedunesisnegligiblecomparedtotherunoffvolume𝑉. That isshowninTableO.10andO.11.

Table O.9: Results for P2, demonstrating ፐᑕᑦᑟᑖ in፦Ꮅ/፬ (ፐᑠᑦᑥᑝᑖᑥ in፦Ꮅ/፬ for the 0-option).

𝑇[𝑦𝑒𝑎𝑟] 𝑉[∗10ኾ𝑚ኽ] 0-option [∗10ኾ] Alt. 1 [∗10ዅኼ] Alt. 2 [∗10ዅኼ] Alt. 3 Alt. 4 [∗10ዅኼ]
2 4.4 4.4 0.8 0.8 0 0.01
10 7.6 7.6 1.2 1.1 0 0.01
25 10.1 10.1 1.4 1.3 0 0.01
100 15.0 15.0 1.8 1.7 0 0.02

The 0-option

Table O.10: Results for the 0-option. ፕᑡᑠᑟᑕ in፦Ꮅ, ፐᑓᑖᑒᑔᑙ in፦Ꮅ/፬.

ID 𝑇= 2𝑦𝑒𝑎𝑟 𝑇= 10𝑦𝑒𝑎𝑟 𝑇= 25𝑦𝑒𝑎𝑟 𝑇= 100𝑦𝑒𝑎𝑟
𝑉፩፨፧፝ 𝑄፞ፚ፡∗10ኾ 𝑉፩፨፧፝ 𝑄፞ፚ፡∗10ኾ 𝑉፩፨፧፝ 𝑄፞ፚ፡∗10ኾ 𝑉፩፨፧፝ 𝑄፞ፚ፡∗10ኾ

P1 0 1.3 0 2.3 0 3.1 0 4.5
P2 0 4.4 0 7.6 0 10.1 0 15.0
P17 0 1.6 0 2.7 0 3.6 0 5.4
P27 0 1.9 0 3.3 0 4.4 0 6.5
P29 0 1.3 0 2.2 0 2.9 0 4.3
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Alt. 1, 2, 3, and 4

Table O.11: Results for alt. 1, 2, 3 and 4. They are all similar. ፕᑡᑠᑟᑕ in፦Ꮅ, ፐᑓᑖᑒᑔᑙ in፦Ꮅ/፬.

ID 𝑇= 2𝑦𝑒𝑎𝑟 𝑇= 10𝑦𝑒𝑎𝑟 𝑇= 25𝑦𝑒𝑎𝑟 𝑇= 100𝑦𝑒𝑎𝑟
𝑉፩፨፧፝∗10ኾ 𝑄፞ፚ፡ 𝑉፩፨፧፝∗10ኾ 𝑄፞ፚ፡ 𝑉፩፨፧፝∗10ኾ 𝑄፞ፚ፡ 𝑉፩፨፧፝∗10ኾ 𝑄፞ፚ፡

P1 1.3 0 2.3 0 3.0 0 4.5 0
P2 4.4 0 7.6 0 10.1 0 15.0 0
P17 1.6 0 2.7 0 3.6 0 5.4 0
P27 1.9 0 3.3 0 4.4 0 6.5 0
P29 1.3 0 2.2 0 3.0 0 4.3 0

O.2.2. Quality impact
The 0-option
No change is applied in the 0-option, whichmeans that therewill be no change in runoff quality. Based on
Appendix C.2.2, heavy rainfall in this situation can lead to higher levels of enterococcus, which indicates
a lowwater quality and potential health risks. Therefore, a ‘-’ is rewarded.

Alternatives 1, 2 and 4
Sandduneshaveapositive impactonwaterqualitydue toa filtering function. Pathogens,microorganisms
and other pollutants are removed from runoff directed towards the beach. Therefore, a ‘+’ is awarded.

Alternative 3
The concrete core does not provide a filtering function. However, under the assumptions in this research
alternative 3 does not let any stormwater reach the beach. This means an improvement on the water
quality at the beach, and therefore a ‘+’.

Table O.12: Results for stormwater drainage impact parameter ’Quality impact’.

Parameters 0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
Δ𝑄𝐼ፐ - + + + +

O.3. Maintainability
This section provides the basis upon which the criterion ”Maintenance approach” has been graded in
TableO.14. The final output of the results ofMaintainability is given in TableO.13.

Regardless of the dune systemalternative that is assessed, it will have to copewith two types ofmainten-
ance: post-stormdunerecoveryandmaintenance (orbeachanddunenourishment). Dunesystemsneed
tobemaintained in order to preserve the integrity of thedunesystem, thebeach lineand theduneecosys-
temineverydayconditions throughout theyear. But,afterastormevent,adunesystemmightbedamaged
and is in needof post-stormmaintenance. Thedune systemalternatives are valued basedona combina-
tion between required dunemaintenance and remaining storm surge capacity after a storm surge event.

O.3.1. Post-storm dune recovery
All alternatives are sand based, with an exception of alternative 3 and 4 which have either a concrete or
claybasecore. Everydunesystem issubject tonatural erosionby theelements, though thedunesystems
that havebeenproposedalong theGalveston IslandWestEndwill behaving the functionof a stormsurge
barrier. Erosion can occur at different rates depending on weather and storm events Appendix O.1. The
eroding ability of the dune system can be seen as its resistance in the sense that, themore erosion it can
hold, the longer the storm can bewithout failure or breaching (Galvez, 2019).
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The result in erosion of a storm event determines the amount ofmaintenance or dune recovery that takes
place after a stormevent in order to keep the defense structure ready forwhen another event takes place.
Following themodeling of the erosion rates of the dune systemalternatives in AppendixO.1, it is possible
to determine to what extend a dune system remains intact for its storm surge coping capabilities. Sand
quantities for recovery havenot beenmodeled, because this research has only evaluated the erosion in a
1Dsetup. In TableO.13 a summary of dune systemerosion rates (discussed inAppendixO.1) have been
given and have been differentiatedwith the terms:

• Intact: The dune system is intact, little or no erosion has taken place, the dune system can recover
naturally, the storm surge capacity is intact.

• Needsrestoration: Thedunesystemhaspartlyerodedandcannotnaturally recover, thestormsurge
capacity is compromised, but can still withstand storms of lower intensity.

• Core exposed: The (concrete or clay) core from alternative 3 and 4 has been exposed and cannot
naturally recover, the storm surge capacity is compromised, but can still withstand storms of lower
intensity.

• Flattened: The dune systemhas fully eroded (to a level belowMSL), no storm surge capacity is left,
the dune systemneeds to be rebuild.

Table O.13: Post-storm state.

Return period storm 0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
10𝑦𝑒𝑎𝑟 intact intact intact intact intact

50𝑦𝑒𝑎𝑟 (short) flattened flattened intact intact intact
50𝑦𝑒𝑎𝑟 (long) flattened flattened intact intact intact
50𝑦𝑒𝑎𝑟 (long) flattened flattened needs restoration needs restoration needs restoration
100𝑦𝑒𝑎𝑟 flattened flattened needs restoration core exposed core exposed

The 0-option
The dune system canwithstand a 10 year storm and remains intact, the storm surge capacity remains in-
tact. The erosion rates are small enough for the dune to recover naturally. A short 50 year stormorworse,
completely flattens thedunesystem. Nostormsurgecapability is left, thedunecannot recovernaturally. A
full reconstructionof thedune is required. AppendixO.1 leads toapositiveconclusion for themaintenance
and reconstruction of the dune,most of the eroded sediment from the dune front is deposited in the active
coastal zone, relatively near the coast. Thismakes recovery actionseasier and cheaper to perform, since
most of the sediment can be found within the first 200𝑚 of the coast. The storm surge capability is totally
vanished after 50 year storms and the dune system needs to be fully reconstructed, it cannot withstand
any other storms. Storms that are of the magnitude of 10 year events cause little to no erosion, the dune
system can recover naturally. In total this is not a positive outcome for a storm surge barrier dune system,
but only with 50 year storms full recovery is needed, thus it is valuedwith a ‘0’ symbol.

Alt. 1: Twin dunes proposedby theUSACE
The dune system canwithstand a 10 year storm and remains intact, the storm surge capacity remains in-
tact. The erosion rates are small enough for the dune to recover naturally. A short 50 year stormorworse,
completely flattens thedunesystem. Nostormsurgecapability is left, thedunecannot recovernaturally. A
full reconstructionof thedune is required. AppendixO.1 leads toapositiveconclusion for themaintenance
and reconstruction of the dune,most of the eroded sediment from the dune front is deposited in the active
coastal zone, relatively near the coast. Thismakes recovery actionseasier and cheaper to perform, since
most of the sediment can be found within the first 200𝑚 of the coast. The storm surge capability is totally
vanished after 50 year storms and the dune system needs to be fully reconstructed, it cannot withstand
any other storms. Storms that are of the magnitude of 10 year events cause little to no erosion, the dune
system can recover naturally. In total this is not a positive outcome for a storm surge barrier dune system,
but only with 50 year storms full recovery is needed, thus it is valuedwith a ‘0’ symbol.
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Alt. 2: Single duneproposedbyLuisGalvez
The dune system can withstand a 10 year, 50 year and 100 year storm events storm and remains intact.
The storm surge capacity remains intact. The erosion rates are relatively small for the dune to recover
naturally most of the time. Only with 100 year storms artificial maintenance is required Appendix O.1. A
positiveconclusion for themaintenanceandreconstructionof thedune is thatmostof theerodedsediment
from the dune front is deposited in the active coastal zone, relatively near the coast. Thismakes recovery
actionseasier andcheaper toperform, sincemostof thesediment canbe foundwithin the first250𝑚of the
coastGalvez (2019). In total this is not a positive outcome for a storm surge barrier dune system, thus it is
valuedwith a ‘+’ symbol.

Alt. 3: Dunewith concrete core
The dune system canwithstand a 10 year and 50 year storm events storm and remains intact. The storm
surgecapacity remains intact. Theerosion ratesare relatively small for thedune to recover naturallymost
of the time. Only with 100 year storm events the concrete core is exposed, artificial maintenance and re-
constructionof thedunesystem is requiredAppendixO.1. Theconcrete corecanwithstand10year storm
events. When comparing the results of wave overtopping, the core by itself can withstand approximately
the same amount of overtopping discharge for both the 10 and 50 year storm events and is obsolete for
100 year storm events, see Table B.3. For a monochromatic wave of 1.47𝑚 the concrete core can with-
stand 3000 of thesewaves before showing initial damage.A positive conclusion for themaintenance and
reconstructionof thedune is thatmostof theerodedsediment from thedune front isdeposited in theactive
coastal zone, relatively near the coast, and that the base of the hybrid dune (concrete core) remains in
place. This makes recovery actions easier and cheaper to perform, since most of the sediment can be
foundwithin the first200𝑚 of the coast. In total this is not apositiveoutcome for a stormsurgebarrier dune
system, thus it is valuedwith a ‘+’ symbol.

Alt. 4: Dunewith clay core
Thedune systemcanwithstanda10 year and50 year stormevents stormand remains intact and thus the
storm surge capability. The erosion rates are relatively small for the dune to recover naturally most of the
time. Only with 100 year storm events the clay core is exposed, artificial maintenance and reconstruction
of the dune system is required Appendix O.1. When comparing the results of wave overtopping, the core
by itself canwithstandapproximately thesameamountofovertoppingdischarge forboth the10year -, and
50yearstormeventsand isobsolete for100yearstormevents, seeTableB.3. Foramonochromaticwave
of1.07𝑚 theclay canwithstand3000of thesewavesbeforeshowing initial damage. Apositive conclusion
for the maintenance and reconstruction of the dune is that most of the eroded sediment from the dune
front is deposited in the active coastal zone, relatively near the coast, and that the base of the hybrid dune
(concrete core) remains in place. Thismakes recovery actionseasier and cheaper to perform, sincemost
of the sediment can be found within the first 200𝑚 of the coast. In total this is not a positive outcome for a
stormsurge barrier dune system, but due to the fact that an assumption has beenmade for the reaction of
a clay core, thus it is valued with a ‘0’ symbol, since it is not possible to determine the exact reaction of a
clay core based dune system.

O.3.2. Regular maintenance
In the previous section the consequences on post-stormdunemaintenance have beenmentioned. How-
ever, maintenance due tominor storms or excessive erosion also plays an important role in order to keep
in check the integrity of the dune system. A dune system not only degrades when (design)storm events
hit the dune system, but also due to weathering and natural erosion. When and if a 50 year -, or 100 year
stormevent takes place, the impact on the dune system is catastrophic, so in order to retain a stormsurge
capacity of the dune system, the dune must be kept in good conditions during its lifetime to ensure its
expected performance during storm eventsMartínez et al. (2013).

Any of the alternative dune systems is expected to be exposed to hydraulic conditions that can lead to
a certain amount of erosion. Erosion of the dune system takes place whenever the water reaches the
foot of the dune. This condition is met when the surge- and wave run-up effects combined result in hy-
draulic conditions that reach the bottomof the dune. Themorphological impact of along-shore erosion on
Galveston Islandwas not part of this research, the impact of vegetation on the dune systemswas also not
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considered, because it could not bemodeled in the XBeach program that was used in this research. Due
to the duration period of this research, no conclusions were made regarding the regular maintenance of
the dune alternatives. Multiple dune restoration manuals and reports were evaluated for the grading of
AppendixO.3.1. These include (Martínez et al., 2013), (GLO, 2016-2017) and (USACE, 2016).

O.3.3. Maintenance approach
The results of themaintainability of thedunesystemalternativesare valued inTableO.14. Anexplanation
of these values is given in Appendix K.

Table O.14: Results for maintainability parameter Maintenance Approach.

Parameter 0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
Maintenance approach 0 0 + + 0

O.4. Sociopolitical acceptability
This section describes the results obtained from the test on the parameters: ”Fitting of the dune”, ”Effect
on the line of sight” and ”Accessibility” are summarized in TableO.15, TableO.16. and TableO.17,

O.4.1. Fitting of the dune
The 0-option
The 0-option reflects the current coastal morphology with semi-naturally varying beach widths and dune
widths. Semi-naturallymeans in thiscase that thecoastalarea isnourishedwhereneededby theUSACE.
Sincethis is thenaturalorcurrentcoastalmorphology, thisparameterwasvaluedwitha‘+’symbolbecause
it ‘fits’ naturally.

Alt. 1: Twin dunes proposedby theUSACE
With a proposed dune width of 56𝑚, the coastal line would have to move in a range from 31𝑚 to 41𝑚
towards the Gulf of Mexico. This range is based on the USACE alternative that was projected upon the
five cross sections along theWest End coast (Appendix D). The twin dunes proposed by the USACE are
valued with a ‘-’ symbol because the beach line needs to move a significant amount seawards in order to
keep the current beachwidth.

Alt. 2: Single duneproposedbyLuisGalvez
The proposed dunewidth is 100𝑚. The dunewidth would cover the current beach and beyond seawards
if this option is implemented. The current beach would totally cease to exist and thus a significant move-
ment of the coastline in seaward directionwould be needed in order tomaintain a beachof any size on the
Galveston IslandWest End (Appendix D). Hence, alternative 2was valuedwith a ‘+’ symbol.

Alt. 3 and 4: Dunewith concrete- and clay core
Dunesystemswithadunewidthbetween5𝑚and15𝑚 led toanarrowingof thecurrentdunebasewidthor,
incaseof thePirate-andSunbatherBeach,kept thecurrentdunebasewidth inplace. Dunewidthsranging
from 15𝑚 to 25𝑚 are going to cause broadening of current dune systems in four out of five cross sections,
but led to a dune base width equal to the current situation at Kahala Beach. The dune base widths that
exceed25𝑚all led tobroadeningofcurrentdunesystems. Amaximumdunebasewidthof60𝑚causesthe
beach to disappear under the proposed dune solution, andwould thusmean amovement of the coastline
in seaward direction in order to maintain a beach of any size. Alternative 3 consists of multiple proposed
dunesolutions, varying inconsequence for themovementof thebeach line,butalsovarying indimensions
and storm surge coping capabilities (Appendix D). Due to the fact that multiple options were considered,
withmultiple outcomes as a result, this alternativewas valuedwith a ‘0’ symbol.

Alternative4wasbasedon the samedesignasalternative 3, only usingadifferent core. Theevaluationof
alternative4 follows thesameargumentationasmentioned inalternative3andconsequentlywerevalued



O.4. Sociopolitical acceptability 128

with a ‘0’ symbol.

Table O.15: Results for sociopolitical acceptance parameter Fitting of the dune.

Parameter 0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
Fitting of the dune + - - 0 0

O.4.2. Effect on the line of sight
The 0-option
The cross sections show that the heights of the existing dunes fluctuate from 1𝑚 +MSL to 3𝑚 +MSL. As a
result, there is not going to be any visual obstruction for the homeowners, so the parameter Effect on line
of sight was valuedwith a ‘+’ symbol.

Alt. 1: Twin dunes proposedby theUSACE
Theproposedheights of the twin dunesare3.7𝑚+MSLand4.3𝑚+MSL.The results demonstrate that the
USACEhasused the two latestheightsasstandardheight for their dunes. Asa result, the twindunesdoes
not block the view of the houses and alternative 1met the requirements andwas valuedwith a ‘+’ symbol.

Alt. 2: Single duneproposedbyLuisGalvez
The proposed height of the single dune is 7.5𝑚 +MSL. Apparently, the single dune as proposed by Luis
Galvez blocks the landscape viewof properties on the first line after the dune. ThusAlternative 2doesnot
meet the requirements on the effect on the line of sight andwas valuedwith a ‘-’ symbol.

Alt. 3 and 4: Dunewith concrete- and clay core
Theproposedheight of the dune indicate 6.5𝑚 +MSL. The results indicate both the proposedalternatives
provide visual block to the homeowners of the first line after the dune. Accordingly, the parameter Effect
on line of sight of alternative 3was valuedwith a ‘-’ symbol.

Alternative 4 is based on the same design as Alternative 3, only using a different core. The evaluation of
alternative 4 follows the sameargumentation asmentioned in alternative 3 and consequently was valued
with a ‘-’ symbol.

Table O.16: Results for sociopolitical acceptance parameter Effect on the line of sight.

Parameter 0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
Effect on the line of sight + + - - -

O.4.3. Accessibility
The 0-option
Thesocalled ‘dry sandyarea’ that extends from thebeach to thenatural lineof vegetation is inmost cases
privately owned. However, it is subject to the public beach easement at some locations. The design and
locations of the current dune walkovers are visualized in Figure N.1. The current dune walkovers are in
linewith the requirement as set by the TexasBeachAccessibility Guide, sowas valuedwith a ‘+’ symbol.

Alt. 1: Twin duneproposedby theUSACE
The proposed design of the twin dunes does not provide difficulties with the requirements as set by the
Texas Beach Accessibility Guide. The exact design and positioning of the dune walkovers would be op-
timized during future planning and design phases. Despite this, preliminary design shows it meet the
requirements as set by the TexasBeachAccessibility Guide, sowas valuedwith a ‘+’ symbol.

Alt. 2: Single duneproposedbyLuisGalvez
The main problem that arises results from the total required height of the dune walkover to fulfill the
guidelines. As mentioned before in Appendix K.4, the deck of a dune walkover need to be constructed
at aminimumof 0.9mabove the dunes. This results in a total height for the dunewalkover of 8.4m+MSL.
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However, there is not enough area available to reach this height without running slopes that exceed the
5%or complywith theportionsof TAS.On topof that, it is not possible to construct theappropriate amount
of resting intervals/level landings. As a result, Alternative 2 does not meet the requirements as set by the
TexasBeachAccessibility Guide, sowas valuedwith a ‘-’ symbol.

Alt. 3 and 4: Dunewith concrete- and clay core
The proposed shape and parameters of the dunes with concrete core is similar to the alternative with the
clay core. The results of alternative 3 and 4 does not indicate any problems to meet the requirements as
set by the TexasBeachAccessibility Guide, thus theywere both valuedwith a ‘+’ symbol.

Alternative 4 is based on the same design as alternative 3, only using a different core. The evaluation of
alternative4 follows thesameargumentationasmentioned inalternative3andconsequentlywerevalued
with a ‘0’ symbol.

Table O.17: Results for sociopolitical acceptance parameter Accessibility.

Parameter 0-option Alt. 1 Alt. 2 Alt. 3 Alt. 4
Accessibility + + - + +



P
Limitations per criterion

P.1. Limitations ‘Storm surge coping capability’
• Only one location at the West End has been tested in the model runs. In practice, the bathymetry
probably differs a lot along the entire West End. Moreover, for simplicity, a 1D model was set up,
instead of amore detailed 2Dmodel.

• The alternatives have only been tested upon five different design storms, which means that the
results only corresponds with these storms. In practice, there are unlimited combinations of storm
intensity, duration and location of landfall.

• Thesurge level andwaveconditions that havebeenusedasanoffshore input for theXBeachmodel
were based on buoy ‘42035’. This buoy is not located at the height of Kahala Beach, which is the
location at which the input bathymetry was obtained. Therefore real wave and surge data for this
location could differ from the used data.

• Notmuch research has been done about how duneswith a concrete core behave under storm con-
ditions. XBeachmodels with hybrid core dunes have not been validated yet.

• The validation of the usedXBeachmodel showedanoverestimation of the erosion rate. The results
for the different alternative might have this as well. This is due to the absence of the vegetation on
these dunes.

• The equations for wave overtopping rates have not been widely applied on soft structures and the
results could be under- or overestimated because of this. More research should be done on scale
models in awave flume to get tomore accurate results onwave overtopping outcomes.

• The slopes of the dunes have been estimated from the grid of the XBeach input. The slope of the
dune can vary over time and when constructing the dune, the slope is going to vary alongshore.
More tests need to be done on the different slope angles of the options in order to get to more data
on overtopping rates for alongshore locations on different alternatives.

• Thedunewidthhasnotbeenassessedonwithovertoppingcalculations. Thewidthcanbe favorable
for draining the overtopping rates back to the beach.

• Thematerial properties of clay and concrete have not been taken into account when calculating the
stability of waves. The cohesion of clay and the durability of concrete can lead to a too conservative
value of the critical significant wave height.

P.2. Limitations ‘Stormwater drainage impact’
• Only models and existing data were used in this research to calculate runoff volumes. No on site
validationwas performed to check the obtained volumes.

• The application of the MRM is a simplification of reality. A distributed model would probably have
given more accurate results, however a lack of data did not allow to perform this kind of research.
Processessuchas interception, infiltrationandpercolation thatwouldhavebeen taken intoaccount
separately inadistributedmodelwerecaught in the runoffcoefficientused in theMRM.Furthermore,
rainfall was assumed to be uniformly distributed in both time and space, while a distributed model
would be able to generatemore time specific runoff data.
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• The used model to calculate obstructive effects of the alternatives on drainage is an extreme sim-
plification of reality. For simplicity, the 0-option was adjusted towards a system with a land barrier,
disregarding theeffectsof thesechangesonspreadingandaccumulationofstormwateron the inner
side. Furthermore, infiltrationwas assumed to be negligible, and only 1D-flowwas analyzed.

• Seepagewasnot extensively analyzed in this researchdue to timeconstraints. The impact of seep-
age on stability of the dune systemshould be assessed and incorporated in the design if necessary.

P.3. Limitations ‘Sociopolitical acceptability’ and ‘Maintainability’
• The stakeholder analysis is incomplete. It was not in the scope of this study to connect the stake-
holders to themain issuesof theproject. Thiswould have resulted in anoverviewof all stakeholders
with their relationships and issues, which creates opportunities to establish a solution that satisfies
more stakeholders.

• This research used a qualitative research methodology, not a quantitative approach. The para-
meters provided to quantify the criteria sociopolitical acceptability, for example, are partly based on
interviews.

• The researchwas conducted froman ‘outsider’ perspective, this could be consideredasa limitation
of the research. The research aimed at providing an analysis of the proposed alternatives and its
changeswhen the research is donewith amore local perspective on the situation.

• The findingsof the social political acceptability of thealternativeswerebasedona limitednumber of
cross sections.

• In this study standard elevation heights instead of the exact property heights has been used. As a
result, it is likely that some properties have a height above or below this standard level. This could
result in other values of the final outcome.

• There is chosen to value the parameter Accessibility in accordance with the requirements of the
BeachAccessibility Guide of Texas. The final plans can give another outcome.

• The study on the form of governance was conducted from a Dutch perspective, this could be con-
sidered as a limitation of the research.

• Inthisstudyalongshoreerosionratesandtheinfluenceofvegetationonthedunesystemalternatives
were not evaluated, resulting in a limitation in the evaluation of themaintenance criterion.

• Dueto thequantitativenatureof this research,constructioncostsandmaintenancecostsof thedune
alternatives have not been considered.

• Only fivecrosssectionswereconsideredalong theGalveston IslandWestEnd inorder todetermine
sociopolitical results. These cross sections domerely represent an average view of the island.

• This researchwasonlybasedupon the influenceofadunesystemonthestakeholderson theGalve-
stonWest End.
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