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ABSTRACT

Hydraulic model tests were conducted in a wave flume to reduce storm
induced damage to backshore areas. Because no such methods were available to
design structures to reduce therst@amage, four test series: sand beasith a berm
sand beach with a durerock seawall and sandcovered rock seawall with 14 tests
and 140 runs were conducted in #meallscaleexperiment to compare the
effectiveness in reducinrggormwave overtopmg and san@verwashUsing almost
same incident irregular waves, water level was raised to increase theweaopping
and sand overwash.was found that thdune was effective to reduce wave
overtopping compared to the berm withthe dune. Howeverwhenthe still water
level (SWL) wasincreasedthe narrondune was easilgroded The sone seawall
eliminated thesrosion problem of the dunlepweverthe buried seawall combindide
aesthécs of the dune and threbustness of the stone seawall. Bhene seawall
buried inside thelune functioned like the dune initially and like the seawall after the
sand on and inside the porous seawall was eroded by overtopping waves. Both stone
seawall and buried stone seawedire deformed butduced wave overtgmng. The
existing numerical model, CSHORE is extended to prediudl transport on and
inside the porous structure in the swashe. Thenydraulic model testandthe
numerical model @ compared tevaluate the effectivenessagdastalktorm

protectiontechniques
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Chapter 1

INTRODUCTION

Among many natural hazards, hurricanes are considered as one of the most
powerful and dangerous natural phenomtrat can cause coastal damiagéuding
property damages$n 2012 Hurricane Sandgaused extensive damage in Neark
and New Jersey. Irish et al. (2013) and Walling et al. (2014) compared the impacts of
Hurricane Sandy on New Jersey Coasiey compared thiaree communities: Sea
Girt, Bay Head, and Mdaloking north of Atlantic Citydue to the vast difference in
damage within an alongshordistance of 12 km. A wide beach and a large dune
protected Sea Girt which suffered the least damage of the three towns. The beach of
Bay Head was narrow but a relic rock seawall was buried underneath its dune and the
seaward sidefdhe dune was eroded as showrfrigure 1.1.The 1260 m long
seawall reduced damage to the area landward of the seawall but increased erosion
seaward of it (Walling et al. 2016). Mantoloking is located on a barrier spit and its
narrow dune almost vanistheThree major breaches were formed across the barrier
spit. The posstorm surveys show the consequences of the specific storm, but do not
reveal the actual processes of beach and dune erosion with and without a rock seawall.
Wave absorbing breakwatersvieabeen constructed on eroding beaches to reduce
wave overtopping and beach erosién example of such breakwatassshown in
Figure 1.2. The gusitative understanding of the interaction processes between the
rock structure and sand beaslessentialdr the prediction of the consequences of

various storms.



To elucidate the interaction processes, an experiment was conducted as
explained in detail in Bapter 2. Chapter 3 describes the experimental results of four
test series: no protection, dune onlygkeeawall and buried rock seawdlhe
experiment consisted @# tests with 140 runs emwave flume to examine stone
damage and compare the effectiveness of each testlsgreseasing the water level
in each test serig&im et al. (2016). This smé-scale experiment wasnducted to
measure wavevertopping and overwashndsand mobility inside the stone seawall.
Wolters and van Gent (2012) investigated sand transport inside granular (stone) open
filters on a horizontal sand bed under wave anceautoading. Wolters et al. (2014)
extended their experiment to sloped granular open filters under wave loading. Their
experimental results may not be applicable to stone seawalls in the swash zone.

Chapter 4 introducesrossshore numerical model, CSHRE (Kobayashi 2016)
and extend$o predictsand transport on and inside the porous structures in the swash
zone and simulate sand and stone interactions isvitagh zone on a sand beach. In
Chapter 5, comparison between the extended numerical model seslittse
experimental results in Chapters2presented fowave hydrodynamics, wave

overtopping and overwash, beach profile changes and stone damage



Figurel.l: Partially exposed relic rock seawall after Hurricane Sandy (Irish et al.
2013)



Figurel.2: Severarows of wave absorbing breakwaters in front of seawall (17 m
above sea level) constructed on Fuji Coast in Japan to reduce wave

overtopping and beach erosi@fapan Society of Civil Engineers,
Committee on Coastal Engineering 1994)



Chapter 2

EXPERIMENT

This Chaper provides an overview of the hydraulic model experinfiéimh et
al. 2016)whichwas conducted in University @felaware wave flume located in
basement of the Dupont Hall. Overview of experiment setup, sand profiles and
characteristicef stones used aexplained in the following where the details of this

experimental setup were given by Figlus et al. (2011).

2.1 Experimental Setup

Wave flume used in this experiment is 30 m long, 1.15m wide and 1.5m high
as shown in Figur2.1 Wooden boards were placalbng the centeof the wave
flumeto divide it into two sections in longshore direction to reduce amount of fine
sand and water level change due to wave overtopamjo minimizeseiching in the
flume. A 400 s irregular wave train with a Texel, Marsen Argloe (TMA) spectral
shape was generated by the paddle of the ptymmwave maker in a water depth of
92, 94, 96 or 98 cm. The spectral significant wave height and peak peried wer
approximately 17 cm and 2.6ine wave gauges were placed in tharl: Wave
gauges 1 to 8 (WGWVG8) were used to measure the free surface elevation outside
and inside the surf zone and in the swash zone and WG9 was used to measure the
wave level in the basin after each run to collecttiiameof overtopped water. The
wave overtopping rate,and sand overwash ratg @ere measured by collecting

overtopped water and sand in water collection basin and sand trap during each 400 s



run. To measure fluid velocities in the surf zone, three velocimeters: Acoustic Doppler
Velocimeter (ADV) sensorg/ere coelocated atwWG4, WG5 and WG6 (WG4 witli2D

ADV and WG5WG6 with Red and Blu¥ectrinos). Sand used in the experiment
consisted of welkorted fine sand with a median diameter of OriiB, afall velocity

of 2.0 cm/s, density of @.g/cn¥, and porosity of 0.4espectively. For this experiment,
measurements of beach profile changes weoessaryo compare the difference of

each test serieécuity AR4000 LIR laser line scanner system was used to obtain
accurate three dimensioraiofile data after each 10 runs (4,000 s) with constant SWL.
For two tests series with no rock seawall, the beach profile was also measured after 5
runs because of relatively rapid profile changes (Kim et al. 20b&)three

dimensional bathymetry data meaveraged alongshore after confirmation of

alongshore uniformity.
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Figure2.1: Schematic view of experimentadtsip for no dune (N) series with no rock
seawall and no dunevave paddlebeachprofile on top of plywood
bottom;collection basin including santtap;water recirculatn system;
laser line scanner mounted to a motorized eaud locatios of the
instruments measurirtgydrodynamics

2.2 Four Test Series
Total four test series with increasing still water level (SWL) by 2r@mrement
in each seriem the wave flume wereonducted to examinéé damage of each test

(Table 2.). The initial profiles for each of four test series are depicted in Figure 2.2.



Table2.1: Sequence of 4 test series with Still Water Level (SWL) =0, 2, 4car 6
consistingof 140runs (400 s duration for each run)

Series Description ~ SWL (cm)  No. of runs (s)
N No 0,2 and 4 30
protection
D Dune only 0,2,and 4 30
R Rock seawall 0, 2,4 and 6 40
B Buried rock 0.2 4and 6 40
seawall
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Figure2.2 Four test series initial prités (N, D, R, and ByvhereSWL increasd by
2 cmafter 10 runs



The first test series with a berm and a foreshore slope of approximately 0.1
correspond to no protection, N test series, without dune or rock seawall as shown in
Figure 2.3. The berm was exqaal to ten 400 s runs, SWL was increased by 2 cm and
the eroded foreshore was exposed to 10 runs. When SWL was increased to 4 cm,
accreted berm was exposed to 10 runs and caused rapid berm erosion. The vertical
wall was not exposed to direct wave actiothatend of the N test series with 12,300

(30 runs total) wave action.

0.2 T T T T T T T
L) Berm i
g 0.0 v SWL |
N Foreshore
-0.1 -
Initial
il 16 17 18 19 20
X (m)

Figure2.3 Test seriesa protection (N) initial profile

For thetest series Djune only test series, shown in Figure, 2¢ initial berm
profile was rebuilbn theinitial profile for series N and a sand dune with a crest
elevation of 10 cm above the berm crest was buitheforeshore. The cross

sectional area of the dune above the foreshore was 52@wedseaward dune slope



started to erode during 10 runs with SWL at z = GcrBase of the dune crextcurred
during10 runs with ZZm SWL increase. By increasitg4 cm SWL, Destruction of

the dune was occurred after 10 runs at the end of series D (t = 12,000 s).

I | I | [

o2t -

E 5L Berm |
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Initial
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X (m)

Figure2.4 Test seriesuhe only (D) initial profile

Series R, roclkeawall test series, was rebuilt after D test series with replacing
the dune of D test series with the stone seawall with a crest height of 8 cm and
horizontal width of 56 cm as shown in Figure 2.5. Polyester fabric mesh shown in
Figure 2.6 with 0.074 mmpzning was placed under the stone seawall with rebuilt
foreshore. The crossectional area of the structure was 253 and the side slopes
were about 1/2. During first two 10 runs with SWL at z= 0 and 2 cm, no wave

overtopping occurrednd profile changwas relatively small; however minor

1C



overtoppingand slight sand beach erosioccurredduring 10 runs with SWL atz =4
cm. When SWlwasincreasedz = 6 cn), both wave overtopping and overwash

significantly increased during the last 10 runs.
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2t R -
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~0.1F |
E
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’ Initial |
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Figure2.5 Testseries ock seawall (R) initial profile
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Figure2.6. Polyester fabric mesh used in both R and D test series on the berm, under
the stone structures

The buried seawall test series (B) has a concept of combining both test series D
and R wherehe seawall in Rest series is covered with sand to look like dune but
rock seawall buried inside asmtn in Figure 2.7. After rebuildinthe berm profile,
seawall was built on the rebuilt profile on top of the fabric mesh. Gessonal area
of the seawall is 224 chwhich is similar to that of R test series. Mixture of sand and
water was poured into the seawall to cover the structure and fill its voids. Sand dune
was buit to cover the entire seawalbune profile was measured afterwards, and the

crosssectional areaf the initial profile of series B shown in Figure 2.8 includihg

12



seawall was 469 ctnThis buried seawall was exposed to wave action of 10 runs for

each of the SWL atz =0, 2, 4 and 6 cm to compare the R and B test series.

Figure2.7. Process of buildig buried seawall (B) initial profile
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Figure2.8 Test seriesliried seawall (B) initial profile

2.3 Sand and Stone Characteristics

Finesandin Table 2.lwas placed across the 115 cm wide flume in this
experiment. For R and B test series, two different charatitsriof stones (green and
blue colored) as listed in Table 2.1 were usedifeseawall Acrossthe115 cm wide
flume, green stones were pla@&ticmwide, and blue stones were placg8l cmwide
as shown in Figure 2.9he nominal stone diameteBnso= (Mso/ ) of the green
and blue stones were 3.52 and 3.81 cm, respectively, whgreriedian stone mass
a n d= sfone density. Empirical formulas are available to predict stone damage inside
the surf zone (Melby and Kobayashi 2011) but no forraulats to estimate stone
damage on seawalls located oa tbreshore in the swash zone. i®#\ous
experiment conducted in same wave flume ueedame stones to measure damage

initiation on a submerged breakwater located in 12 cm water depth insideftherse

14



on a sand beachitlr similar wave conditions. fiese stones on the submerged

breakwater in the surf zone were found to bblstéGarcia and Kobayashi 2015)

Table2.2 Characgristics of sand and twaosmes

Parameter Sand Blue Stone Green Stone
Diametr (cm) 0.018 3.81 3.52
Density (g/cm) 2.60 3.06 2.94

Porosity 0.40 0.44 0.44

Width (cm) 115 53 62

Figure2.9 Green and loe stones used in R and B test series

15



2.4 Block Locations

Wooden blocksvere used in the previous experiment conductedawser and
Kobayashi2015. In both series N and ,@he wooden blockslid due to major wave
overtopping For series R and B, blocks were platatiward of theseawall The
blocks became wet but did not slid much because the seawall reduced wave
overtoppingand wae action on the bernthese blocks were also placed on the berm
as shown in Figure 2.10 whemut wooden blocks were used as model houses
(idealized woden houses). Each block w8 cm long, 3.8 cm higlaand 118 gn
weight.

0.4
0.2
0.0
-0.2

-0.4
19.0 19.5 20.0

X (m)

y (m)

Figure2.10 Top view of inital block locations
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Chapter 3

DATA ANALYSIS

In this chapteranalyzed data are presented in orddryafrodynamics,

overtopping and overwash rafand morphological evolutions.

3.1 Free Surface and Velocity Statistics

Tables 3.7 3.14 list the incident wave characstits at the location x = 0 of
WGL1 for 14 test in serieN, D, R and B. Incident wave characteristics of N test series
at the location x = 0 of WG1 aristed in Tabls 3.1- 3.3 and thosef D test serigs are
listed in Table3.47 3.6.R test series alested in Table3.77 3.10 andB test series
are listed in Tabke3.11- 3.14. The time series from wave gauges (WG1: x = 0.0,
WG2: x=0.25, and WG3: x = 0.95 m) for each run were used to separate incident and
reflected waves at the location x = 0 of WGhe spectral significant wave heightdd
wasapproximately 17 cm anthe peak period §of incident waes wasabout 2.6 sIn
these tables, Hs= rootmeansquare wave height,sH significant wave height,sF
significant wave period, and R = wave reflen coefficient.

To examine the crosshore wave transformation, the megand standard
devi at i qofthe fre® Buyfaceielevatienabove SWL at the eight wave gauges
for each run were calculate@ihe measured values fejwere negativéwave setdown
at WG1 to WG3 outside the surf zone and WG4=a88m near thdoreaker zone.
The measured values fefwere positivgwave setupat WG5 to WG7 at x =12.9,
15.5, and 17.in in the inner surf zone. Talsl8.15-3.17 list the mean fregurface
elevation—at 7 wave gauge locations for N test seiidsewise, Tables 3.183.20for

D test series, Tahde3.21-3.24for R test series, and Tabklg.253.28for B test series.

17



Moreover, Table3.293.31 listthefres ur f ace st anpat@dwadegdugevi at i o
locations forN test seriesLikewise, Tables 3.31-3.33for D test series, Tab$8.34
3.37for R test series, and Tabl8.38-3.41for B test seriesThe crossshore variation
of the local significant wave heightisl= 4 (i wasrelated to the wave height decay
due to irregular wave breaking.
For conveniencayse ismade of time t = @ 4,000 s with SWL = @m for
Low (L) water level, t = 4,000 8,000 s with SWL = 2 crfor Medium (M) water
level, t = 8,000 12,000 s with SWL =4 cm for High (H) water level, and t = 12,000
i 16,000 s with SWL = 6 cm for Extreme (&gter level in Tables 3-B.81. The
letters of L, M, H, and E are attached next to series N, D, R, and B. The run number (1
to 10) indicates the temporal sequence of runs (400 s for each run) starting from run 1

for each test denoted by the two lettersiéseand SWL).
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Table3.1 Incident wave characteristics for N test ser&4/L =0 cm
Run Hmo (cm) Hms(cm) Hs(cm) Tp (S) Ts(S) R
NL1 16.16 11.43 15.57 2.62 2.03 0.13
NL2 16.23 11.48 15.58 2.62 2.02 0.12
NL3 17.39 12.29 16.74 2.62 1.99 0.13
NL4 1740 12.30 16.72 2.62 2.03 0.13
NL5 17.31 12.24 16.60 2.62 2.01 0.14
NL6 17.04 12.05 16.31 2.62 2.04 0.14
NL7 17.19 12.16 16.47 2.62 2.01 0.14
NLS8 17.25 12.19 16.53 2.62 2.01 0.14
NL9 17.00 12.02 16.35 2.62 2.01 0.14
NL10 16.66 11.78 16.04 2.62 2.04 0.15
Average 16.96 11.99 16.29 2.62 2.02 0.14
Table3.2 Incident wave characteristics for N test ser@&&/L =2 cm
Run Hmo (cm) Hms(cm) Hs(cm) Tp (S) Ts(S) R
NM1 16.41 11.61 15.89 2.64 2.13 0.18
NM2 16.48 11.65 15.95 2.64 2.15 0.18
NM3 16.60 11.74 1607 2.64 2.14 0.19
NM4 16.65 11.77 16.10 2.64 2.11 0.20
NM5 16.60 11.74 16.03 2.64 2.14 0.21
NM6 16.24 11.48 15.71 2.64 2.13 0.21
NM7 16.40 11.60 15.85 2.64 2.15 0.21
NM8 16.47 11.65 16.00 2.64 2.17 0.21
NM9 16.51 11.68 15.89 2.64 2.13 0.21
NM10 16.57 11.72 15.99 2.64 2.12 0.21
Average 16.49 11.66 15.95 2.64 2.14 0.20
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Table3.3 Incident wave characteristics for N test ser@&8&/L =4 cm

Run Hmo (cm) Hms(cm) Hs(cm) Tp (S) Ts(s) R
NH1 16.28 11.51 15.52 2.42 2.13 0.17
NH2 16.50 11.67 15.78 2.42 2.1 0.17
NH3 16.70 11.81 16.00 2.57 2.11 0.17
NH4 16.70 11.81 15.99 2.57 2.12 0.16
NH5 16.76 11.85 16.14 2.57 2.13 0.15
NH6 16.41 11.61 15.78 2.57 2.12 0.15
NH7 16.57 11.72 15.80 2.57 2.12 0.14
NH8 16.66 11.78 15.90 2.57 2.11 0.14
NH9 16.72 11.83 15.% 2.57 2.13 0.14
NH10 16.70 11.81 15.95 2.57 2.15 0.13
Average 16.60 11.74 15.88 2.54 2.12 0.15

Table3.4 Incident wave characteristics for D test ser@&&/L =0 cm

Run Hmo (cm) Hms(cm) Hs(cm) Tp (S) Ts(S) R
DL1 16.49 11.66 15.81 2.62 2.03 0.16
DL2 16.74 11.84 16.03 2.62 2.04 0.17
DL3 16.77 11.86 16.03 2.62 2.02 0.17
DL4 16.87 11.93 16.09 2.62 2.04 0.17
DL5 16.85 11.91 16.09 2.62 2.03 0.16
DL6 16.59 11.73 15.91 2.62 2.03 0.17
DL7 16.71 11.82 16.00 2.62 2.02 0.17
DL8 16.76 11.85 16.11 2.62 2.04 0.17
DL9 16.79 11.87 16.07 2.62 2.01 0.17
DL10 16.78 11.87 16.08 2.62 2.01 0.16
Average 16.73 11.83 16.02 2.62 2.03 0.17
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Table3.5

Incident wave characteristiésr D test seriesSWL =2 cm

Run Hmo(cm) Hms(cm) Hs(cm) Tp (S) Ts(S) R
DM1 16.41 11.60 15.79 2.64 2.13 0.20
DM2 16.66 11.78 16.13 2.64 2.16 0.19
DM3 16.76 11.85 16.24 2.64 2.15 0.19
DM4 16.80 11.88 16.32 2.64 2.14 0.19
DM5 16.93 11.97 16.40 2.64 2.15 0.18
DM6 16.61 11.74 16.17 2.64 2.16 0.19
DM7 16.81 11.89 16.28 2.64 2.12 0.19
DM8 16.80 11.88 16.27 2.64 2.14 0.19
DM9 16.90 11.95 16.38 2.64 2.14 0.19
DM10 16.97 12.00 16.46 2.64 2.14 0.19

Average 16.76 11.85 16.24 2.64 2.14 0.19
Table3.6: Incident wave characteristics for D test ser@&8&/L =4 cm

Run Hmo (cm) Hims(cm) Hs(cm) Tp (S) Ts(S) R
DH1 16.39 11.59 15.69 2.57 2.12 0.20
DH2 16.63 11.76 15.84 2.57 2.10 0.19
DH3 16.64 11.77 15.91 2.42 2.10 0.18
DH4 16.69 11.80 15.80 2.42 2.08 0.17
DH5 16.68 11.79 15.85 2.57 2.11 0.17
DH6 16.70 11.81 15.90 2.57 2.13 0.18
DH7 16.83 11.90 16.09 2.57 2.07 0.18
DHS8 16.89 11.94 16.10 2.57 2.12 0.18
DH9 17.00 12.02 16.36 2.57 2.12 0.18
DH10 17.00 12.02 16.24 2.57 2.10 0.17

Average 16.74 11.84 15.98 2.54 2.10 0.18
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Table3.7: Incident wave characteristics for R test sei@4/L =0 cm
Run Hmo(cm) Hms(cm) Hs(cm) Tp (S) Ts(S) R
RL1 16.30 11.52 15.58 2.62 1.99 0.14
RL2 16.64 11.77 16.21 241 2.05 0.14
RL3 16.80 11.88 16.29 241 2.07 0.13
RL4 16.87 11.93 16.29 241 2.05 0.14
RL5 16.82 11.90 16.27 241 2.04 0.14
RL6 17.00 12.00 16.36 241 2.06 0.15
RL7 16.95 11.98 16.35 241 2.03 0.14
RL8 17.00 12.02 16.31 241 2.06 0.15
RL9 16.91 11.96 16.44 241 2.04 0.14
RL10 16.83 11.90 16.14 241 2.03 0.14
Average 16.81 11.89 16.22 2.43 2.04 0.14
Table3.8: Incident wave characteristics for R test si@NL =2 cm
Run Hmo (cm) Hims(cm) Hs(cm) Tp (S) Ts(S) R
RM1 16.20 11.45 15.71 2.64 2.15 0.17
RM2 16.47 11.65 16.05 2.64 2.18 0.18
RM3 16.53 11.69 16.02 2.64 2.16 0.17
RM4 16.60 11.74 16.05 2.64 2.12 0.17
RM5 16.51 11.67 15.88 2.64 2.15 0.17
RM6 16.55 11.70 16.09 2.64 2.15 0.17
RM7 16.55 11.70 16.08 2.64 2.15 0.17
RMS8 16.53 11.69 16.12 2.64 2.14 0.17
RM9 16.51 11.68 15.96 2.64 2.13 0.17
RM10 16.46 11.64 16.00 2.64 2.13 0.18
Average 16.49 11.66 16.00 2.64 2.15 0.17
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Table3.9 Incident wave charaeristics for R test seriegSWL =4 cm

Run Hmo(cm) Hms(cm) Hs(cm) Tp (S) Ts(S) R
RH1 18.24 12.90 17.49 2.57 2.21 0.23
RH2 16.63 11.76 15.77 2.42 2.13 0.18
RH3 16.69 11.80 15.92 2.42 2.13 0.17
RH4 16.75 11.85 16.06 2.42 2.11 0.18
RH5 16.80 11.88 16.00 2.42 2.13 0.18
RH6 16.78 11.86 16.07 2.42 2.13 0.18
RH7 16.74 11.84 15.96 2.42 2.11 0.18
RH8 16.73 11.83 16.04 2.42 2.13 0.18
RH9 16.41 11.61 15.64 2.42 2.10 0.18
RH10 16.41 11.61 15.64 2.42 2.10 0.18
Average 16.82 11.89 16.06 2.44 2.13 0.18

Table3.10: Incident wave characteristics for R test sei84/L =6 cm

Run Hmo (cm) Hms(cm) Hs(cm) Tp (S) Ts(s) R
RE1 16.60 11.74 16.16 2.50 2.09 0.20
RE2 17.38 12.29 16.40 2.35 2.13 0.20
RE3 17.49 12.36 16.50 2.35 2.12 0.19
RE4 17.05 12.06 16.67 2.50 2.09 0.19
RES5 16.92 11.96 16.48 2.50 2.08 0.19
RE6 17.51 12.38 16.45 2.35 2.10 0.19
RE7 17.05 12.06 16.63 2.50 2.09 0.19
RES8 17.55 12.41 16.58 2.35 2.11 0.19
RE9 17.52 12.39 15.57 2.35 2.08 0.19
RE10 17.57 12.43 16.61 2.35 2.12 0.19
Average 17.26 1221 16.41 241 2.10 0.19
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Table3.11 Incident wave characteristics for B test serf8d/L =0 cm

Run Hmo(cm) Hms(cm) Hs(cm) Tp (S) Ts(S) R
BL1 17.68 12.50 17.14 2.62 2.20 0.22
BL2 18.50 13.08 17.80 2.62 2.17 0.22
BL3 18.19 12.86 17.45 2.62 2.13 0.22
BL4 18.43 13.03 17.62 2.62 2.11 0.22
BL5 18.28 12.92 17.50 2.62 2.15 0.22
BL6 18.20 12.87 17.44 2.62 2.13 0.22
BL7 18.33 12.96 17.62 2.62 2.13 0.22
BL8 18.37 12.99 17.68 2.62 2.13 0.22
BL9 18.28 12.93 17.34 2.62 2.15 0.22
BL10O 18.33 12.96 17.69 2.62 2.14 0.22
Average 18.26 12.91 17.53 2.62 2.14 0.22

Table3.12 Incident wave characteristics for B test serf8&/L =2 cm

Run Hmo(cm) Hmms(cm) Hs(cm) Tp (S) Ts(S) R
BM1 18.01 12.73 17.89 2.59 2.18 0.23
BM2 18.07 12.79 17.66 2.64 2.29 0.23
BM3 18.10 12.80 17.66 2.64 2.29 0.23
BM4 18.16 12.84 17.76 2.64 2.28 0.23
BM5 18.16 12.84 17.71 2.64 2.26 0.23
BM6 18.16 12.85 17.68 2.64 2.28 0.23
BM7 18.20 12.87 17.89 2.64 2.30 0.23
BM8 18.17 12.85 17.79 2.64 2.28 0.23
BM9 18.11 12.80 17.60 2.64 2.30 0.23
BM10 18.09 12.79 17.71 2.64 2.30 0.23
Average 18.12 12.82 17.74 2.64 2.28 0.23
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Table3.13 Incident wave characteristics for B test serf8d/L =4 cm

Run Hmo(cm) Hims(cm) Hs(cm) Tp (S) Ts(S) R
BH1 17.43 12.32 17.00 2.57 2.25 0.24
BH2 17.51 12.38 16.81 2.57 2.24 0.23
BH3 17.70 12.52 16.97 2.57 2.22 0.23
BH4 17.88 12.64 17.17 2.57 2.23 0.23
BH5 17.89 12.65 17.16 2.57 2.23 0.23
BH6 17.90 12.66 17.22 2.57 2.24 0.23
BH7 17.88 12.64 17.20 2.57 2.22 0.23
BH8 17.89 12.65 17.28 2.57 2.25 0.23
BH9 17.88 12.64 17.17 2.57 2.22 0.23
BH10 17.92 12.67 17.16 2.57 2.22 0.23
Average 17.79 12.58 17.11 2.57 2.23 0.23

Table3.14: Incident wave characteristics for B test serf8&/L =6 cm

Run Hmo(cm) Hmms(cm) Hs(cm) Tp (S) Ts(S) R
BE1 18.79 13.29 17.94 2.35 2.23 0.24
BE2 18.95 13.40 18.11 2.35 2.22 0.24
BE3 19.09 13.50 18.24 2.35 2.22 0.24
BE4 19.15 13.54 18.44 2.35 2.22 0.24
BES 19.15 13.54 18.43 2.35 2.22 0.24
BEG6 19.17 13.55 18.49 2.35 2.21 0.24
BE7 19.16 13.55 18.26 2.35 2.22 0.24
BES 19.09 13.50 18.31 2.35 2.23 0.24
BE9 19.11 13.51 18.38 2.35 2.23 0.24
BE10 19.11 13.51 18.43 2.35 2.23 0.24
Average 19.08 13.49 18.30 2.35 2.22 0.24
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Table3.15 Mean freesurface elevatior{{cm) at 7wave gauge locations for N test
series SWL = 0cm

Run WGl WG2 WG3 WG4 WG5 WG6e WGY

NL1 -0.06 -0.09 -0.06 -0.16 0.19 058 0.22
NL2 -0.09 -0.10 -0.07 -0.16 0.15 0.17 0.15
NL3 -0.11 -0.14 -0.08 -0.15 0.22 029 0.29
NL4 -0.11 -0.1v -0.08 -0.15 0.23 029 0.28
NL5 -0.10 -0.14 -0.07 -0.14 0.22 0.26 0.27
NL6 -0.07 -0.11 -0.05 -0.16 0.19 0.18 0.20
NL7 -0.11 -0.11 -0.07r -0.14 0.18 0.34 0.26
NL8 -0.11 -0.12 -0.07r -0.15 0.20 0.26 0.24
NL9 -0.09 -0.10 -0.07 -0.15 0.21 028 0.29
NL10 -0.10 -0.12 -0.06 -0.21 0.06 0.16 0.21

Average -0.10 -0.12 -0.07r -0.16 0.19 0.28 0.24

Table3.16 Mean freesurface elevatior{{cm) at 7 wave gauge locati® for N test
series SWL = 2cm

Run WGl WG2 WG3 WG4 WG5S WG6 WGY
NM1 -0.11 -0.12 -0.12 -0.25 0.05 0.09 0.07
NM2 -0.16 -0.11 -0.13 -0.17 0.06 0.14 0.11
NM3 -0.10 -0.10 -0.17 -0.18 0.01 015 0.11
NM4 -0.06 -0.05 -0.11 -014 0.09 0.18 0.14
NM5 -0.10 -0.08 -0.12 -0.16 0.08 0.15 0.10
NM6 -0.05 -0.08 -0.10 -0.17 0.09 0.17 0.07
NM7 -0.04 -0.10 -0.12 -0.15 0.0/ 0.17 0.08
NM8 -0.09 -0.09 -0.11 -0.16 0.09 0.17 0.11
NM9 -0.06 -0.09 -0.11 -0.14 0.05 0.13 0.12
NM10 -0.09 -0.08 -0.10 -0.13 0.09 0.16 0.11

Average -0.09 -0.09 -0.12 -0.17 0.07 0.15 0.10
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Table3.17 Mean freesurface elevatior{{cm) at 7 wave gauge locati® for N test
seriesSWL =4 cm

Run WGl WwWG2 WG3 WG4 WG5S WG6 WGTY
NH1 -0.13 -0.18 -0.15 -0.25 -0.08 -0.03 -0.09
NH2 -0.16 -0.15 -0.15 -0.23 -0.01 0.09 -0.04
NH3 -0.16 -0.18 -0.19 -0.19 -0.02 0.07 0.00
NH4 -0.15 -0.17 -015 -0.23 -0.02 0.07 -0.02
NH5 -0.16 -0.19 -0.15 -0.22 -0.02 0.08 0.04
NH6 -0.21 -0.26 -0.19 -0.33 -0.09 0.00 -0.05
NH7 -0.15 -0.21 -0.15 -0.24 -0.02 0.02 -0.05
NH8 -0.15 -0.19 -0.16 -0.23 -0.02 0.04 -0.01
NH9 -0.15 -0.18 -0.16 -0.24 -0.01 0.05 0.04
NH10 -0.16 -0.20 -0.16 -0.24 0.01 0.05 0.04

Average -0.16 -0.19 -0.16 -0.24 -0.02 0.04 -0.01

Table3.18: Mean freesurface elevatior{{cm) at 7 wave gauge locatie for D test
seriesSWL =0cm

Run WGl WG2 WG3 WG4 WG5 WG6 WGY
DL1 -0.18 -0.16 -0.05 -0.19 0.14 0.16 0.30
DL2 -0.10 -0.11 -0.07 -0.17 0.16 0.21 0.27
DL3 -0.11 -0.10 -0.04 -0.17 0.17 0.22 0.26
DL4 -0.10 -0.14 -0.06 -015 0.19 0.25 0.27
DL5 -0.09 -0.10 -0.06 -0.20 0.19 0.24 0.27
DL6 -0.08 -0.08 -0.05 -0.17 0.19 0.21 0.24
DL7 -0.09 -0.08 -0.05 -0.18 0.20 0.21 0.27
DL8 -0.12 -0.10 -0.05 -0.16 0.22 0.25 0.27
DL9 -0.09 -0.10 -0.05 -0.18 0.20 0.23 0.21
DL10 -0.09 -0.08 -0.05 -0.19 0.20 0.25 0.24

Average -0.11 -0.11 -0.05 -0.18 0.19 0.22 0.26
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Table3.19 Mean freesurface elevatior{{cm) at 7 wave gauge locatie for D test
seriesSWL =2cm

Run WGl WG2 WG3 WG4 WGS WGe WGTY
DM1 -0.09 -0.12 -0.10 -0.15 0.14 0.15 0.03
DM2 -0.06 -0.09 -0.09 -0.16 0.14 0.16 0.04
DM3 -0.04 -0.0v -0.14 -0.17 0.12 0.19 0.04
DM4 -0.05 -0.07r -0.09 -0.17 0.15 0.19 0.07
DM5 -0.04 -0.08 -0.08 -0.18 0.16 0.19 0.09
DM6 -0.04 -006 -0.06 -0.18 0.16 0.15 0.00
DM7 -0.04 -0.08 -0.08 -0.15 0.14 0.18 0.04
DM8 -0.03 -0.05 -0.09 -0.18 0.14 0.19 0.13
DM9 -0.04 -006 -0.09 -0.14 0.16 0.19 0.01
DM10 -0.03 -0.06 -0.09 -0.16 0.15 0.20 0.06

Average -0.05 -0.07r -0.09 -0.16 0.15 0.18 0.05

Table3.20: Mean freesurface elevatior{{cm) at 7 wave gauge locatie for D test
seriesSWL =4 cm

Run WGl WG2 WG3 WG4 WG5S WG6 WGY
DH1 -0.30 -0.24 -0.13 -0.23 0.01 0.00 -0.07
DH2 -0.19 -022 -0.15 -0.26 -0.01 -0.01 -0.08
DH3 -0.16 -0.19 -0.13 -0.23 0.01 0.05 -0.11
DH4 -0.17 -0.18 -0.13 -0.22 0.01 0.09 -0.10
DH5 -0.15 -0.18 -0.13 -0.22 0.02 0.06 -0.12
DH6 -0.10 -0.12 -0.11 -0.21 0.04 0.10 -0.20
DH7 -0.12 -0.13 -0.10 -0.22 0.03 0.05 -0.18
DH8 -0.13 -0.13 -0.11 -0.22 0.02 0.06 -0.17
DH9 -0.12 -0.15 -0.11 -0.22 0.02 0.08 -0.16
DH10 -0.12 -0.14 -0.11 -0.17 0.02 0.08 -0.16

Average -0.16 -0.17 -0.12 -0.22 0.02 0.06 -0.14
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Table3.21: Mean freesurface elevatior{{cm) at 7 wave gauge locati® for R test
seriesSWL =0cm

Run wGl WG2 WG3 WG4 WGS WG  WGTY
RL1 -0.15 -0.16 -0.12 -0.22 0.12 0.13 0.19
RL2 -0.12 -0.13 -0.13 -0.16 0.26 0.33 0.27
RL3 -0.11 -0.10 -0.08 -0.20 0.27 0.33 0.32
RL4 -0.08 -0.12 -0.07 -0.17 0.28 0.33 0.34
RL5 -0.0r -0.11 -0.08 -0.14 0.28 0.32 0.33
RL6 -0.03 -0.08 -0.13 -0.15 0.29 0.36 0.35
RL7 -0.08 -0.12 -0.09 -0.13 0.28 0.36 0.35
RL8 -0.10 -0.14 -0.08 -0.17 0.27 0.34 0.38
RL9 -0.09 -0.12 -0.07 -0.18 0.28 0.32 0.38
RL10 -0.12 -0.15 -0.06 -0.18 0.26 0.33 0.37

Average -0.10 -0.12 -0.09 -0.17 0.26 0.32 0.33

Table3.22: Mean freesurface elevatior{{cm) at 7 wave gauge locatie for R test
series SWL = 2cm

Run WGl WG2 WG3 WG4 WG5 WG WGY
RM1 NR NR NR NR NR NR NR
RM2 -0.08 -0.10 -0.10 -0.16 0.14 0.21 0.23
RM3 -0.08 -0.09 -0.11 -0.15 0.15 0.18 0.19
RM4 -0.08 -0.10 -0.08 -0.17 0.17 0.20 0.13
RM5 -0.09 -0.08 -0.08 -0.18 0.16 0.20 0.08
RM6 -0.08 -0.10 -0.08 -0.16 0.18 0.22 0.19
RM7 -0.09 -0.08 -0.09 -0.14 0.16 0.21 0.22
RM8 -0.08 -0.06 -0.10 -0.13 0.16 0.20 0.16
RM9 -0.09 -0.09 -0.08 -0.15 0.16 0.20 0.23
RM10 -0.08 -0.09 -0.08 -0.17 0.15 0.20 0.24

Average -0.08 -0.09 -0.09 -0.16 0.16 0.20 0.19
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Table3.23: Mean freesurface elevatior{{cm) at 7 wave gauge locatie for R test
seriesSWL =4 cm

Run WGl WG2 WG3 WG4 WG5 WG6e WG7
RH1 -0.10 -0.12 -0.08 -0.15 0.08 0.15 0.12
RH2 -0.07 -0.09 -0.09 -0.17 0.09 0.14 0.08
RH3 -0.06 -0.10 -0.10 -0.16 0.06 0.13 0.11
RH4 -0.06 -0.09 -0.11 -0.16 0.09 0.15 0.17
RH5 -0.09 -0.08 -0.08 -0.17 0.11 0.13 0.13
RH6 -0.07 -0.09 -0.08 -0.17 0.11 0.12 0.12
RH7 -0.04 -0.08 -0.10 -0.19 0.11 0.13 0.12
RH8 -0.09 -0.10 -0.08 -0.13 0.12 0.17 0.14
RH9 -0.07r -0.10 -0.08 -0.17 0.12 0.15 0.16
RH10 -0.07r -0.09 -0.08 -0.17 0.10 0.15 -0.02

Average -0.07 -0.09 -0.09 -0.16 0.10 0.14 0.11

Table3.24: Mean freesurface elevatior{{cm) at 7 wave gauge locatie for R test
seriesSWL =6 cm

Run WGl WG2 WG3 WG4 WG5 WG6 WG7
RE1 -0.16 -0.18 -0.12 -0.23 0.02 0.08 0.04
RE2 -0.18 -0.17 -0.08 -0.18 0.02 0.11 0.02
RE3 -0.10 -0.09 -0.10 -0.21 0.00 0.09 -0.03
RE4 -0.09 -0.10 -0.09 -0.17 0.06 0.09 0.07
RES -0.09 -0.11 -0.08 -0.17 0.04 0.07 0.01
RE6 -0.10 -0.11 -0.11 -0.18 0.01 0.11 0.06
RE7 -0.08 -0.11 -0.07 -0.17 0.03 0.05 0.04
RES8 -0.10 -0.11 -0.10 -0.18 0.04 0.08 0.03
RE9 -0.08 -0.09 -0.07 -0.18 0.01 0.10 0.06
RE10 -0.11 -0.11 -0.08 -0.16 0.02 0.12 0.04

Average -0.11  -0.12 -0.09 -0.18 0.03 0.09 0.03
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Table3.25: Mean freesurface elevatior{{cm) at 7 wave gauge locatie for B test
seriesSWL =0cm

Run WGl WG2 WG3 WG4 WG5S WGe WGY
BL1 -0.18 -0.24 -0.13 -0.21 0.16 0.26 0.17
BL2 -0.13 -0.15 -0.07 -0.16 0.18 0.25 0.25
BL3 -0.07r -0.12 -0.08 -0.18 0.19 0.19 0.25
BL4 -0.10 -0.14 -0.07 -0.16 0.19 0.27 0.30
BL5 -0.12 -0.12 -0.07 -0.15 0.21 0.23 0.28
BL6 -0.08 -0.11 -0.08 -0.15 0.22 0.26 0.28
BL7 -0.09 -0.14 -0.08 -0.12 0.20 0.25 0.31
BL8 -0.08 -0.11 -0.07r -0.14 0.22 0.23 0.31
BL9 -0.0r -0.10 -0.07 -0.13 0.21 0.27 0.30
BL10 -0.06 -0.14 -0.07r -0.12 0.22 0.28 0.30

Average -0.10 -0.14 -0.08 -0.15 0.20 0.25 0.28

Table3.26: Mean freesurface elevatior{{cm) at 7 wave gauge locatie for B test
seriesSWL =2cm

Run WGl WG2 WG3 WG4 WG5S WG6e WGY
BM1 -0.19 -0.20 -0.09 -0.19 0.16 0.18 0.23
BM2 -0.09 -0.19 -0.07 -0.18 0.13 0.23 0.22
BM3 -0.10 -0.15 -0.09 -0.18 0.17 0.24 0.26
BM4 -0.0r -0.09 -0.08 -0.18 0.18 0.24 0.25
BM5 -0.08 -0.12 -0.06 -0.16 0.19 0.26 0.24
BM6 -0.09 -0.11 -0.05 -0.19 0.19 0.25 0.28
BM7 -0.09 -0.12 -0.07v -0.18 0.19 0.22 0.29
BM8 -0.08 -0.12 -0.06 -0.19 0.17 0.22 0.29
BM9 -0.09 -0.12 -0.06 -0.18 0.17 0.19 0.29
BM10 -0.08 -0.11 -0.06 -0.18 0.18 0.19 0.28

Average -0.10 -0.13 -0.07 -0.18 0.17 0.22 0.26
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Table3.27: Mean freesurface elevatior{{cm) at 7 wave gauge locatie for B test
seriesSWL =4 cm

Run WGl WG2 WG3 WG4 WG5S WGe WGY
BH1 -0.12 -0.19 -0.12 -0.23 0.06 0.09 0.06
BH2 -0.08 -0.15 -0.13 -0.22 0.03 0.14 0.13
BH3 -0.12 -0.12 -0.09 -0.18 0.06 0.15 0.16
BH4 -0.10 -0.12 -0.09 -0.17 0.11 0.17 0.19
BHS5 -0.08 -0.10 -0.09 -0.14 0.11 0.14 0.16
BH6 -0.08 -0.10 -0.11 -0.19 0.11 0.16 0.19
BH7 -0.11  -0.11 -0.09 -0.18 0.10 0.14 0.18
BH8 -0.11  -0.11 -0.09 -0.17 0.10 0.16 0.20
BH9 -0.10 -0.12 -0.10 -0.17 0.10 0.16 0.19
BH10 -0.112 -0.11 -0.11 -0.18 0.12 0.14 0.20

Average -0.10 -0.12 -0.10 -0.18 0.09 0.15 0.17

Table3.28: Mean freesurface elevatior{{cm) at 7 wave gauge locatie for B test
seriesSWL =6 cm

Run WGl WG2 WG3 WG4 WG5S WG WGTY
BE1l -0.17 -0.16 -0.11 -0.28 0.15 0.04 -0.07
BE2 -0.16 -0.14 -0.08 -0.20 0.01 0.09 0.02
BE3 -0.12 -0.12 -0.09 -0.17 0.05 0.11 0.03
BE4 -0.13 -0.11 -0.08 -0.20 0.07 0.10 0.08
BES -0.09 -0.12 -0.08 -0.20 0.09 0.10 0.06
BEG6 -0.112 -0.11 -0.07v -0.20 0.03 0.10 0.07
BE7 -0.10 -0.12 -0.07 -0.20 0.12 0.15 0.07
BES8 -0.10 -0.12 -0.07 -0.18 0.08 0.13 0.04
BE9 -0.09 -0.11 -0.08 -0.19 0.05 0.10 0.00
BE10 -0.11 -0.11 -0.06 -0.20 0.17 0.11 0.07

Average -0.12 -0.12 -0.08 -0.20 0.08 0.10 0.04

32



Table3.29: Freesur f ace st an@m)atd wave gaiga lbcatie for NU
test seriesSWL =0cm

Run WGl WG2 WG3 WG4 WG5 WG6 WGY
NL1 4.00 3.99 4.07 3.83 2.84 2.55 2.33
NL2 4.01 4.01 4.10 3.85 2.82 2.56 2.37
NL3 4.31 4.30 4.39 4.03 291 2.61 2.42
NL4 4.31 4.31 4.41 4.03 291 2.61 2.44
NL5 4.29 4.28 4.38 4.03 2.92 2.62 2.45
NL6 4.20 4.20 4.34 3.97 2.95 2.63 2.42
NL7 4.24 4.24 4.36 3.98 2.95 2.64 2.43
NL8 4.26 4.26 4.39 3.97 2.96 2.65 2.44
NL9 4.21 4.20 4.34 3.96 2.95 2.68 2.47
NL10 4.10 4.12 4.24 3.2 2.92 2.65 2.47

Average 4.19 4.19 4.30 3.96 291 2.62 2.42

Table3.30: Freesur f ace st a n@m)atd wave gaiga lbcatie for N
test seriesSWL =2cm

Run WGl WG2 WG3 WG4 WG5S WG6 WGTY
NM1 4.07 4.10 4.23 4.02 3.21 3.07 291
NM2 4.13 4.12 4.27 4.05 3.21 3.07 2.88
NM3 4.16 4.15 4.28 4.07 3.22 3.09 2.88
NM4 4.21 4.16 4.32 4.09 3.21 3.07 2.85
NM5 4.24 4.16 431 4.07 3.20 3.07 2.87
NM6 4.10 4.05 421 3.96 3.15 3.03 2.80
NM7 4.13 4.09 4.28 3.99 3.16 3.04 2.81
NM8 4.16 412 4.27 4.00 3.15 3.03 2.79
NM9 4.18 412 4.28 3.99 3.15 3.04 2.82
NM10 4.24 4.13 4.29 4.02 3.16 3.03 2.81

Average 4.16 412 4.27 4.03 3.18 3.05 2.84
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Table3.31: Freesur f ace st an@m)atd wave gaiga lbcatie for NU
test seriesSWL =4 cm

Run WGl WGz WG3 WG4 WG5S WG6 WGY
NH1 4.01 4.04 4.13 3.99 3.23 3.08 2.82
NH2 4.08 4.09 4.16 4.01 3.24 3.09 2.81
NH3 4.13 4.13 4.20 4.06 3.23 3.06 2.80
NH4 4.14 4.14 4.19 4.06 3.24 3.03 2.78
NH5 4.17 4.15 4.19 4.09 3.26 3.04 2.77
NH6 4.05 4.08 411 4.04 3.22 3.02 2.75
NH7 4.09 4.14 4.15 4.09 3.25 3.00 2.74
NH8 4.12 4.17 4.16 4.10 3.23 2.99 2.74
NH9 4.14 4.19 4.16 4.13 3.25 2.97 2.74
NH10 4.15 4.18 4.15 4.12 3.27 2.95 2.71

Average 411 4.13 4.16 4.07 3.24 3.02 2.77

Table3.32: Freesur f ace st an@m)atd wave gaiga lbcatie for DU
test seriesSWL =0cm

Run WGl WG2 WG3 WG4 WG5S WGe WGTY
DL1 4.09 4.08 4.19 3.91 2.90 2.60 2.35
DL2 4.15 414 4.26 3.92 2.94 2.63 2.36
DL3 4.17 4.16 4.26 3.98 2.95 2.62 2.37
DL4 4.19 4.18 4.28 3.99 2.96 2.63 2.39
DL5 4.19 4.18 4.28 3.95 2.94 2.64 2.40
DL6 4.10 4.14 421 3.95 2.92 2.62 2.41
DL7 4.14 4.16 4.23 3.98 2.90 2.62 2.42
DL8 4.15 4.19 4.25 3.99 2.90 2.61 2.43
DL9 4.16 4.20 4.25 3.98 291 2.61 2.45
DL10 4.16 4.20 4.24 3.98 291 2.62 2.47

Average 4.15 4.16 4.25 3.96 2.92 2.62 2.41
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Table3.33: Freesurfacestandard deviatiofiy (cm) at 7 wave gauge lotians for D
test seriesSWL =2 cm

Run WGl WG2 WG3 WG4 WG5S WG6 WGY
DM1 4.09 4.13 4.26 4.00 3.13 3.02 2.93
DM2 414 4.19 4.30 4.03 3.14 3.03 2.92
DM3 4.17 4.21 4.32 4.07 3.13 3.01 2.92
DM4 4.18 4.22 4.34 4.05 3.11 3.02 2.93
DM5 4.22 4.25 4.36 4.06 3.14 3.02 2.92
DM6 4.17 4.15 4.28 4.02 3.13 3.03 2.94
DM7 4.22 4.20 4.32 4.05 3.14 3.03 2.95
DM8 4.23 4.20 4.32 4.06 3.14 3.03 2.94
DM9 4.25 4.23 4.34 4.05 3.14 3.03 2.95
DM10 4.27 4.25 4.36 4.07 3.14 3.04 2.96

Average 4.19 4.20 4.32 4.05 3.13 3.03 2.94

Table3.34: Freesur f ace st an@m)atd wave gaiga lbcatie for DU
test seriesSWL =4 cm

Run wGl WG2 WG3 WG4 WG5S WG6 WGY
DH1 4.13 4.13 4.18 4.08 3.26 3.14 3.09
DH2 4.15 4.18 4.23 4.10 3.23 3.14 3.03
DH3 4.14 4.15 4.23 4.10 3.19 3.11 2.95
DH4 4.13 4.14 4.26 4.08 3.20 3.11 291
DH5 4.13 4.14 4.25 4.08 3.22 3.10 2.89
DH6 411 4.12 4.27 4.08 3.26 3.15 2.93
DH7 4.15 4.15 4.29 4.12 3.29 3.14 2.93
DHS8 4.16 4.16 4.30 4.14 3.29 3.15 2.92
DH9 421 4.18 4.32 4.16 3.28 3.14 2.92
DH10 4.22 4.18 431 4.17 3.30 3.13 2.93

Average 4.15 4.15 4.26 411 3.25 3.13 2.95
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Table3.35: Freesur f ace st an@m)atd wave gaiga lbcatie for Rl
test seriesSWL =0cm

Run wGl WG2 WG3 WG4 WG5 WG WGY
RL1 3.95 3.96 4.01 3.64 2.66 2.38 2.05
RL2 4.13 4.15 4.16 3.73 2.59 2.44 2.18
RL3 4.17 4.20 4.19 3.75 2.61 241 2.19
RL4 4.18 4.22 4.20 3.78 2.60 2.43 2.18
RL5 4.17 4.21 4.21 3.79 2.59 2.43 2.19
RL6 4.21 4.24 4.22 3.79 2.62 2.45 2.19
RL7 4.21 4.24 4.22 3.80 2.61 2.44 2.20
RL8 4.22 4.25 4.22 NR 2.61 2.45 2.20
RL9 4.21 4.24 4.21 3.81 2.61 2.46 2.20
RL10 4.19 4.21 4.18 3.79 2.61 2.46 2.20

Average 4.16 4.20 4.18 3.76 2.61 2.44 2.18

Table3.36: Frees ur f ace st a n@m)atd wave gaiga lbcatie for R
test seriesSWL =2cm

Run WGl WG2 WG3 WG4 WG5S WG WG7Y
RM1 4.04 3.99 414 3.83 2.95 2.87 2.72
RM2 411 4.06 4.24 3.86 2.96 2.87 2.71
RM3 4.15 4.08 4.24 3.88 2.95 2.87 2.72
RM4 4.15 4.10 4.25 3.87 2.96 2.88 2.71
RM5 4.15 4.09 4.24 3.88 2.96 2.87 2.73
RM6 4.17 4.10 4.24 3.87 2.96 2.87 2.72
RM7 4.16 4.09 4.25 3.86 2.95 2.87 2.72
RM8 4.13 4.08 4.24 3.87 2.94 2.88 2.71
RM9 4.15 4.08 4.24 3.87 2.95 2.87 2.73
RM10 414 4.07 4.22 3.8 2.94 2.87 2.71

Average 414 4.07 4.23 3.86 2.95 2.87 2.72
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Table3.37: Freesur f ace st an@m)atd wave gaiga lbcatie for Rl
test seriesSWL =4 cm

Run WGl WG2 WG3 WG4 WG5S WG6 - WGY
RH1 4.09 4.13 4.15 3.98 3.19 3.09 2.90
RH2 412 4.16 4.20 4.02 3.18 3.08 2.84
RH3 4.15 4.19 4.22 4.04 3.20 3.08 2.86
RH4 4.16 4.21 4.23 4.06 3.19 3.08 2.87
RH5 4.16 4.21 4.25 4.05 3.19 3.09 2.84
RH6 4.17 4.21 4.23 4.06 3.20 3.10 2.85
RH7 4.15 4.20 4.22 4.06 3.19 3.10 2.84
RH8 4.16 4.19 4.22 4.05 3.18 3.09 2.85
RH9 4.15 4.19 4.21 4.06 3.19 3.09 2.86
RH10 4.17 4.20 4.23 4.06 3.19 3.10 2.85

Average 4.15 4.19 4.22 4.04 3.19 3.09 2.86

Table3.38: Frees ur f ace st a n@m)atd wave gaiga lbcatie for R
test seriesSSWL =6cm

Run WGl WG2 WG3 WG4 WG5S WG6 WGTY
RE1 4.15 4.15 4.29 4.06 3.21 3.21 3.13
RE2 4.24 4.23 4.35 4.12 3.34 3.34 3.09
RES 4.25 4.25 4.37 412 3.30 3.30 3.08
RE4 4.16 4.21 4.23 4.06 3.19 3.08 2.87
RES 4.19 421 4.35 4.12 3.21 3.18 3.05
REG6 4.27 4.26 4.36 412 3.33 3.27 3.05
RE7 4.24 4.25 4.38 4.13 3.21 3.18 3.09
RES8 4.27 4.27 4.37 4.14 3.33 3.28 3.07
RE9 4.28 4.27 4.36 412 3.33 3.29 3.06
RE10 4.29 4.28 4.37 4.12 3.33 3.28 3.04

Average 4.23 4.24 4.34 411 3.28 3.24 3.05
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Table3.39: Freesur f ace st an@m)atd wave gaiga lbcatie for Bl
test seriesSWL =0cm

Run wGl wG2 WG3 WG4 WG5S WGe WGY
BL1 3.84 3.80 3.96 3.64 2.62 2.36 1.86
BL2 4.01 3.98 414 3.73 2.67 2.39 1.89
BL3 3.95 3.92 4.07 3.71 2.65 2.36 1.89
BL4 4.00 3.97 4.13 3.74 2.68 2.38 1.87
BL5 3.96 3.94 4.09 3.72 2.67 2.36 1.88
BL6 3.95 3.93 4.07 3.70 2.66 2.37 1.89
BL7 3.98 3.96 411 3.74 2.67 2.37 1.89
BL8 3.98 3.97 411 3.71 2.67 2.36 1.88
BL9 3.96 3.95 4.08 3.72 2.67 2.37 1.88
BL10 3.97 3.96 4.10 3.72 2.68 2.36 1.88

Average 3.96 3.94 4.09 3.71 2.66 2.37 1.88

Table3.40: Freesur f ace st a n@m)atd wave gaiga lbcatie for Bl
test seriesSWL =2cm

Run WGl WG2 WG3 WG4 WG5S WG6e WGY
BM1 3.95 3.91 4.13 3.81 2.70 2.60 2.47
BM2 3.96 3.94 414 3.84 2.80 2.65 2.51
BM3 4.00 3.96 4.20 3.84 2.82 2.66 2.52
BM4 4.01 3.96 4.19 3.84 2.82 2.67 251
BM5 4.02 3.99 4.20 3.82 2.82 2.66 2.53
BM6 4.02 3.99 4.19 3.84 2.81 2.67 2.52
BM7 4.02 3.99 421 3.83 2.83 2.68 2.51
BM8 4.02 3.99 4.20 3.83 2.82 2.67 2.50
BM9 4.00 3.96 4.18 3.84 2.83 2.68 2.50
BM10 4.00 3.97 4.18 3.8 2.82 2.67 2.52

Average 3.96 3.94 4.09 3.71 2.66 2.37 1.88
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Table3.41: Freesur f ace st an@m)atd wave gaiga lbcatie for Bl
test seriesSWL =4 cm

Run WGl WG2 WG3 WG4 WG5S WGe6 WGY
BH1 3.83 3.83 4.05 3.89 2.96 2.83 2.96
BH2 3.86 3.85 4.07 3.82 2.95 2.85 2.96
BH3 3.90 3.90 412 3.83 2.97 2.83 2.62
BH4 3.93 3.93 4.15 3.84 2.96 2.83 2.62
BH5 3.94 3.93 4.16 3.85 2.95 2.82 2.61
BH6 3.94 3.94 4.15 3.85 2.95 2.82 2.60
BH7 3.93 3.93 4.16 3.85 2.96 2.82 2.76
BH8 3.93 3.93 4.16 3.85 2.94 2.82 2.92
BH9 3.93 3.94 4.16 3.86 2.93 2.80 2.90
BH10 3.94 3.94 4.17 3.8 2.95 2.80 2.90

Average 3.91 3.91 414 3.85 2.95 2.82 2.79

Table3.42: Freesur f ace st a n@m)atd wave gaiga lbcatie for B
test seriesSWL =6 cm

Run WGl WG2 WG3 WG4 WG5 WG6 WG7
BE1 4.16 411 4.28 4.03 3.27 3.28 3.07
BE2 4.18 414 4.30 4.05 3.28 3.28 3.03
BE3 4.20 4.17 4.33 4.05 3.27 3.27 3.01
BE4 4.2 4.19 4.34 4.06 3.27 3.27 3.01
BES 4.21 4.19 4.34 4.06 3.28 3.29 3.00
BEG6 4.22 4.20 4.35 4.05 3.28 3.26 3.00
BE7 4.20 4.19 4.34 4.05 3.27 3.29 2.99
BES8 4.19 4.18 4.32 4.05 3.26 3.27 2.99
BE9 4.20 4.19 4.32 4.06 3.27 3.28 2.99
BE10 4.20 4.18 4.32 4.4 3.25 3.27 2.99

Average 4.20 4.17 4.32 4.05 3.27 3.28 3.01
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Unlike the values foHat WG17, the values forHat WGS8 located in x 18.6
m in the swash zone were affecteglthe bottom elevation changgthat location.
The averaging for the WGS8 buried partially in the sand above SWL was performed for
the wet duration only. The werobabilityPw, which is defined as the ratio between
the wet and total duratipwas 1.0 at WGWG7; however, at the WG8 in the swash
zone Py increased with the increase of SWL by 2 cm increment in each test series as
listed in Table 3.433.56 with tme t in the middle of each rufihese tables list the
wet probabilityPw, mean freesurface elevatior{and freesurface standard deviation
Uq for WG8 in test series N, D, R, andiiere the bottom elevation and the mean
depth’Qare related a%>= (- z,). The value of zwas measured after 5 and 10 runs in

N and D test series.
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Table3.43: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foi WGB in N test seriesSWL = Ocm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)
0 8.66343
NL1 200 0.39 8.67 0.87 9.54 0.65
NL2 600 0.35 8.68 0.83 9.51 0.67
NL3 1000 0.32 8.69 0.86 9.55 0.73
NL4 1400 0.33 8.69 0.89 9.58 0.77
NL5 1800 0.31 8.70 0.90 9.60 0.77
2000 8.71
NL6 2200 0.32 8.73 0.97 9.70 0.76
NL7 2600 0.31 8.79 1.00 9.79 0.8
NL8 3000 0.30 8.84 0.91 9.75 0.8
NL9 3400 0.30 8.89 0.91 9.80 0.84
NL10 3800 0.33 8.94 0.97 9.91 0.8
4000 8.96
Average 0.33 0.91 9.67 0.76
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Table3.44: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foriVG8Bin M test siries, SWL =2 cm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)
0 6.96388

NM1 200 0.54 6.81 1.49 8.30 0.95

NM2 600 0.53 6.50 1.56 8.06 0.99

NM3 1000 0.59 6.18 1.35 7.53 1.05

NM4 1400 0.57 5.87 1.59 7.46 1.05

NM5 1800 0.60 5.56 1.75 7.31 1.06
2000 541

NM6 2200 0.61 531 1.87 7.18 1.1

NM7 2600 0.61 511 1.78 6.89 1.1

NMS8 3000 0.61 4.92 1.83 6.75 1.11

NM9 3400 0.63 4.72 1.86 6.58 1.15

NM10 3800 0.64 4.53 1.92 6.45 1.15
4000 4.43

Average 0.60 1.70 7.25 1.07
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Table3.45: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foi WGB in N test serieSWL =4 cm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)
0 2.43275
NH1 200 0.76 2.18 2.47 4.65 1.53
NH2 600 0.78 1.68 2.46 4.14 1.57
NH3 1000 0.80 1.18 2.68 3.86 1.63
NH4 1400 0.83 0.69 2.73 3.42 1.69
NH5 1800 0.86 0.19 2.56 2.75 1.72
2000 -0.06
NH6 2200 0.89 -0.23 2.27 2.04 1.76
NH7 2600 0.91 -0.55 2.03 1.48 1.8
NHS8 3000 0.92 -0.87 1.87 1.00 1.81
NH9 3400 0.94 -1.20 1.71 0.51 1.83
NH10 3800 0.95 -1.52 1.59 0.07 1.88
4000 -1.68
Average 0.86 2.24 2.39 1.72
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Table3.46: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foi WGB in D test serieSWL =0cm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)

0 16.55

DL1 200 0.07 16.27 0.40 16.67 0.57

DL2 600 0.03 15.71 1.04 16.75 1.1

DL3 1000 0.05 15.15 1.10 16.25 1.02

DL4 1400 0.06 14.58 1.02 15.60 0.9

DL5 1800 0.06 14.02 0.91 14.93 0.77
2000 13.74

DL6 2200 0.06 13.78 0.96 14.74 0.83

DL7 2600 0.06 13.85 0.78 14.63 0.79

DL8 3000 0.06 13.93 0.74 14.67 0.72

DL9 3400 0.07 14.00 0.74 14.74 0.73

DL10 3800 0.07 14.08 0.80 14.88 0.7
4000 14.12

Average 0.06 0.85 15.39 0.81
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Table3.47: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foi WGB in D test series, SWL =@n

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)

0 11.76

DM1 200 0.24 11.69 1.05 12.74 0.81

DM2 600 0.24 11.55 1.19 12.74 0.84

DM3 1000 0.26 11.42 1.14 12.56 0.81

DM4 1400 0.26 11.28 1.17 12.45 0.79

DM5 1800 0.28 11.14 1.14 12.28 0.79
2000 11.07

DM6 2200 0.25 11.07 1.16 12.23 0.73

DM7 2600 0.28 11.08 1.13 12.21 0.74

DMS8 3000 0.27 11.09 1.15 12.24 0.73

DM9 3400 0.26 11.10 1.20 12.30 0.72

DM10 3800 0.26 11.12 1.19 12.31 0.73
4000 11.12

Average 0.26 1.15 12.41 0.77
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Table3.48: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foi WGB in D test serieSWL =4 cm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)

0 9.06

DH1 200 0.38 8.55 1.59 10.14 1.01

DH2 600 0.42 7.52 1.75 9.27 1.12

DH3 1000 0.54 6.49 1.68 8.17 1.23

DH4 1400 0.56 5.46 1.84 7.30 1.25

DH5 1800 0.59 4.43 1.97 6.40 1.32
2000 3.91

DH6 2200 0.64 3.58 2.18 5.76 1.37

DH7 2600 0.67 291 2.48 5.39 1.42

DHS8 3000 0.70 2.25 2.61 4.86 1.49

DH9 3400 0.73 1.58 2.72 4.30 1.6

DH10 3800 0.76 0.92 2.89 3.81 1.65
4000 0.58

Average 0.60 2.17 6.54 1.35
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Table3.49: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foi WGB in B test serieSWL =0cm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)
0 6.15
RL1 200 NR 6.10 NR NR NR
RL2 600 0.50 6.01 1.74 7.75 0.78
RL3 1000 0.50 5.91 1.85 7.76 0.81
RL4 1400 0.47 5.81 1.66 7.47 0.78
RL5 1800 0.58 5.72 1.79 7.51 0.79
RL6 2200 0.52 5.62 1.77 7.39 0.80
RL7 2600 0.51 5.53 1.47 7.00 0.76
RL8 3000 0.46 5.43 1.79 7.22 0.76
RL9 3400 0.38 5.33 2.00 7.33 0.77
RL10 3800 0.38 5.24 1.86 7.10 0.74
4000 5.19
Average 0.48 1.77 7.39 0.78
NR i mplies finot reliableo data
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Table3.50: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foi WGB in B test serieSWL =2 cm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)
0 5.19
RM1 200 0.72 5.20 2.72 7.92 1.24
RM2 600 0.74 5.23 1.98 7.21 1.31
RM3 1000 0.72 5.25 2.18 7.43 1.32
RM4 1400 0.73 5.27 2.27 7.54 1.34
RM5 1800 0.75 5.30 2.42 71.72 1.34
RM6 2200 0.76 5.32 2.36 7.68 1.38
RM7 2600 0.79 5.35 2.55 7.90 1.40
RMS8 3000 0.78 5.37 2.58 7.95 1.40
RM9 3400 0.77 5.39 2.36 7.70 1.40
RM10 3800 0.79 5.42 2.44 7.86 1.42
4000 5.43
Average 0.76 2.39 7.70 1.36
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Table3.51: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foi WGB in B test serieSWL =4 cm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)
0 5.43
RH1 200 0.86 5.34 3.45 8.79 1.84
RH2 600 0.92 5.15 3.96 9.11 1.92
RH3 1000 0.90 4.97 4.02 8.99 1.94
RH4 1400 0.91 4.79 4.14 8.93 2.01
RH5 1800 0.89 4.60 3.45 8.05 2.03
RH6 2200 0.90 4.42 3.48 7.90 2.03
RH7 2600 0.90 4.23 3.51 7.74 2.06
RHS8 3000 0.91 4.05 3.41 7.46 2.06
RH9 3400 0.91 3.87 3.22 7.09 2.06
RH10 3800 0.91 3.68 3.39 7.07 2.06
4000 3.59
Average 0.90 3.60 8.11 2.00
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Table3.52: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foi WGB in B test serieSWL =6 cm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)
0 3.59
RE1 200 0.92 3.45 3.76 7.21 2.79
RE2 600 0.91 3.17 3.27 6.44 2.86
RE3 1000 0.93 2.89 3.09 5.98 2.83
RE4 1400 0.94 2.61 2.95 5.56 2.86
RES5 1800 0.95 2.33 2.93 5.26 2.81
RE6 2200 0.94 2.05 3.01 5.06 2.78
RE7 2600 0.95 1.77 2.98 4.75 2.81
RES8 3000 0.94 1.49 3.08 4.57 2.78
RE9 3400 0.94 1.21 3.01 4.22 2.81
RE10 3800 0.95 0.93 3.11 4.04 2.81
4000 0.79
Average 0.94 3.12 5.31 2.81
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Table3.53: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(d® foriWeGB in B test serieSWL = 0cm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)
0 3.42
BL1 200 0.26 3.47 3.66 7.13 1.35
BL2 600 0.24 3.57 -0.40 3.17 1.08
BL3 1000 0.35 3.66 1.02 4.68 0.98
BL4 1400 0.32 3.76 1.10 4.86 1.00
BL5 1800 0.26 3.86 0.84 4.70 0.97
BL6 2200 0.29 3.95 0.75 4.70 0.89
BL7 2600 0.24 4.05 0.85 4.90 0.90
BL8 3000 0.25 4.15 0.75 4.90 0.86
BL9 3400 0.29 4.24 0.68 4.92 0.80
BL10O 3800 0.28 4.34 0.74 5.08 0.78
4000 4.39
Average 0.28 1.00 4.90 0.96
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Table3.54: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foi V4G8 in 8 test serieSWL =2 cm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)
0 4.39
BM1 200 NR 4.39 NR NR NR
BM2 600 0.53 4.38 1.22 5.60 0.95
BM3 1000 0.61 4.37 NR NR 0.94
BM4 1400 0.67 4.36 1.37 5.73 0.97
BM5 1800 0.69 4.35 1.21 5.56 0.96
BM6 2200 0.68 4.34 1.30 5.64 0.96
BM7 2600 0.68 4.33 1.39 5.72 0.96
BMS8 3000 0.72 4.32 1.45 5.77 0.96
BM9 3400 0.75 4.31 1.37 5.68 0.97
BM10 3800 0.73 4.30 1.41 5.71 0.97
4000 4.30
Average 0.67 1.34 5.68 0.96
NR i mplies finot reliableo data
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Table3.55: Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foi V4G8 in 8 test serieSWL =4 cm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)
0 4.30
BH1 200 0.94 4.22 2.66 6.88 2.17
BH2 600 0.89 4.07 2.85 6.92 1.89
BH3 1000 0.93 3.92 3.79 7.71 1.90
BH4 1400 0.93 3.77 3.31 7.08 1.91
BH5 1800 0.92 3.62 3.60 71.22 1.98
BH6 2200 0.93 3.46 3.75 7.21 1.97
BH7 2600 0.94 3.31 2.66 5.97 2.17
BH8 3000 0.93 3.16 3.60 6.76 1.97
BH9 3400 0.93 3.01 3.39 6.40 2.02
BH10 3800 0.94 2.86 3.75 6.61 1.81
4000 2.78
Average 0.93 3.34 6.88 1.98
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Table3.56 Wet probabilityPw, mean freesurface elevatior{{cm), and freesurface
standar d q(dne) foi V4G8 in 8 test serieSWL =6 cm

Run t(s) Pw Z» (cm) f(cm) t (cm) tq (cm)
0 2.78
BE1 200 0.94 2.71 2.66 5.37 2.17
BE2 600 0.95 2.57 4.58 7.15 2.88
BE3 1000 0.93 2.42 4.21 6.63 3.02
BE4 1400 0.90 2.28 4.00 6.28 3.15
BES 1800 0.90 2.14 4.14 6.28 3.16
BEG6 2200 0.90 1.99 4.14 6.13 3.16
BE7 2600 0.91 1.85 4.17 6.02 3.14
BES 3000 0.92 1.71 4.52 6.23 2.90
BE9 3400 0.93 1.56 4.31 5.87 2.81
BE10 3800 0.90 1.42 451 5.93 2.75
4000 1.35
Average 0.93 4,12 6.19 291
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The meanriYand standard deviatiq®D) A of the measured cross shore
velocity U (explained in each tabl&r all the runs irseriesN, D, R and Bare listed
in Tables 3.57 3.70 The measured alongshore and vertical velocities were small in
comparison withthe crossshore velocity in this experiment. The negative mean
horizontal velocity Yrepresergwaveinduced offshore return current, and the positive
value ofA is related to the wavimduced oscillatory velocity. The return current and
oscillatoy velocity decreased from the breaker zone to the inner surf zone. The values
of "Yofthe orderof4cmk wer e harder t o measyofte accur a
order of 20 cm/s. The crossiore wave transformation in the shoaling and surf zones
wassimilar for all the runs because the beach profile in these zones was approximately
in equilibrium under the specified incident waves. Further comparistre of
experimental and numericadsults for 140 runs in series N, D, R and B are shown in

Figures5.1- 5.14 in Chapter 5 witdetailed explanations.
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Table3.57 Mean crossshore”Yand SD(i, of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino emcated with WG5 at x = 12.90 m and Blue
Vectrino colocated with WG6 at x = 15.58 for test series N, SWL &
cm

2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6

Run =(m/9 Gu(cm/s =(cm/y CGu(cm/g =F(cm/9  Gu(cm/y
NL1 -5.66 19.35 -3.60 15.82 -4.05 17.53
NL2 -5.46 19.47 -3.55 15.86 -3.71 17.14
NL3 -5.44 20.07 -3.66 16.19 -3.90 17.39
NL4 -6.02 20.24 -3.36 16.24 -3.82 17.43
NL5 -6.03 20.29 -3.41 16.9 -3.88 17.55
NL6 -5.73 20.35 -3.54 16.16 -3.50 16.71
NL7 -5.72 20.50 -3.30 16.48 -3.80 16.83
NL8 -5.82 20.52 NR NR -3.64 17.05
NL9 -5.35 20.59 NR NR -3.98 16.97
NL10 -5.31 20.45 NR NR -3.25 17.01
Average -5.65 20.18 -3.49 16.15 -3.75 17.16
NRimples Anot reliableo dat a
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Table3.58

Mean crossshore"Yand SDdy of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino emcated with WG5 at x = 12.90 m and Blue
Vectrino coelocated with WG6 at x = 15.58 for test series N, SWL =2
cm

2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6

Run = (cm/s) Gu(cm/s) =(cm/s) Gu(cm/s) =(cm/s) CGu(cm/s)
NM1 -4.26 19.90 -3.43 17.39 -2.75 17.67
NM2 -4.46 20.16 -3.71 17.48 -2.86 17.50
NM3 -5.40 19.99 -3.85 17.87 NR NR
NM4 -4.72 20.12 -3.84 17.73 -3.14 1725
NM5 -4.61 20.25 -3.76 17.62 -3.18 17.41
NM6 -4.59 20.20 NR NR -3.01 17.14
NM7 -4.93 20.41 -4.01 17.71 -3.22 16.73
NM8 -4.79 20.41 -3.73 17.66 -3.34 16.61
NM9 -5.16 20.48 -4.24 17.84 -3.13 16.79
NM10 -5.47 20.45 -3.92 17.70 -2.91 16.76
Average -484 20.24 -3.83 17.67 -3.06 17.10
NR i mplies Anot reliableo data
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Table3.59

Mean crossshore"Yand SDdy of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino emcated with WG5 at x = 12.90 m and Blue
Vectrino colocated with WG6 at x = 152 m for test series N, SWL =4
cm

2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6

Run = (cm/s) Gu(cm/s) =(cm/s) Gu(cm/s) =(cm/s) CGu(cm/s)
NH1 -4.40 20.09 -4.08 17.41 -3.72 17.61
NH2 -4.50 20.32 -4.35 17.30 -3.75 17.57
NH3 -4.81 20.35 -4.10 17.22 -3.79 17.58
NH4 -4.53 20.16 -4.02 17.10 NR NR
NH5 -4.54 20.17 -3.86 17.00 -3.38 17.65
NH6 -3.96 20.10 -4.02 16.50 -3.79 17.70
NH7 -4.30 19.98 -4.07 16.46 -3.40 17.86
NH8 -4.53 19.88 -4.04 16.36 -3.68 17.65
NH9 -4.10 20.08 -4.27 16.16 -3.28 17.69
NH10 -4.38 19.86 NR NR NR NR
Average -4.41 2010 -4.09 16.83 -3.60 17.66
NR i mplies Anot reliableo data
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Table3.60: Mean crossshoreYand SD(i, of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino emcated with WG5 at x = 12.90 m and Blue
Vectrino coelocated with WG6 at x = 15.52 m for test series D, SWL =
cm

2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6

Run = (cm/s) Gu(cm/s) =(cm/s) Gu(cm/s) =(cm/s) CGu(cm/s)
DL1 NR NR -3.24 16.08 -3.01 18.47
DL2 -5.36 20.79 -3.73 16.18 -3.54 18.40
DL3 -5.47 20.76 -3.97 16.32 -2.97 18.32
DL4 -5.08 21.15 -3.79 16.22 -3.08 18.34
DL5 -5.14 21.00 -3.88 16.31 -3.09 18.65
DL6 -4.66 21.13 -3.63 16.26 -3.55 18.45
DL7 -5.15 21.24 NR NR NR NR
DL8 -4.95 21.38 -4.05 16.32 -2.99 18.50
DL9 -5.06 21.45 -4.17 16.28 -2.96 18.49
DL10 -5.44 21.05 -3.74 16.18 -3.08 18.31
Average -5.15 2111 -3.80 16.24 -3.14 18.44
NR i mplies Anot reliableo data
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Table3.61 Mean crossshore’Yand SD(i, of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino emcated with WG5 at x = 12.90 m and Blue
Vectrino colocated with WG6 at x = 15.58 for test series D, SWL 2
cm

2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6

Run = (cm/s) Gu(cm/s) =(cm/s) Gu(cm/s) =(cm/s) CGu(cm/s)
DM1 -4.75 19.85 -4.19 17.18 -2.82 18.54
DM2 -5.45 20.88 -4.45 17.13 -3.07 18.29
DM3 -5.03 21.05 -4.40 17.21 -3.60 18.02
DM4 -4.72 20.84 -4.09 17.16 -3.19 18.01
DM5 -5.03 20.96 -4.55 17.00 NR NR
DM6 -5.26 20.87 -4.44 16.99 -2.69 18.14
DM7 -4.54 21.05 -4.25 16.94 -3.29 18.02
DM8 -5.41 21.16 -4.14 16.99 -3.40 17.91
DM9 -4.78 21.14 NR NR -2.96 17.88
DM10 -5.48 20.94 -4.24 17.20 -2.59 17.94
Average -5.05 20.87 -4.31 17.09 -3.07 18.08
NR i mplies Anot reliableo data
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Table3.62: Mean crossshore’Yand SDdy of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino elmcated with WG5 at x = 12.90 m and Blue
Vectrino coelocated with WG6 at x = 15.52 m for test series D, SWAL =
cm
2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6
Run = (cm/s) Gu(cm/s) =(cm/s) Gu(cm/s) =(cm/s) CGu(cm/s)
DH1 -4.26 20.79 -4.14 17.66 -3.00 18.05
DH2 -4.10 20.59 -4.47 17.58 -2.93 17.83
DH3 -4.34 20.74 -4.52 17.23 NR NR
DH4 -4.36 20.80 -4.20 17.45 -3.07 17.54
DH5 -3.97 21.08 -4.68 17.31 -3.18 17.48
DH6 -3.72 20.65 -4.50 17.55 -3.87 17.33
DH7 -4.60 20.70 -4.92 17.38 -3.44 17.79
DH8 -4.46 20.65 -4.53 17.35 -3.37 17.94
DH9 -4.14 20.70 -4.09 17.12 -3.17 18.01
DH10 -3.99 20.77 -4.33 17.05 -3.49 18.11
Average -4.19 20.75 -4.44 17.37 -3.28 17.79
NR i mplies Anot reliableo data
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Table3.63: Mean crossshore’Yand SDdy of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino elmcated with WG5 at x = 12.90 m and Blue
Vectrino coelocated with WG6 at x = 15.58 for test series R, SWL&
cm
2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6
Run = (cm/s) Gu(cm/s) =(cm/s) Gu(cm/s) =(cm/s) CGu(cm/s)
RL1 -5.50 20.84 -3.80 18.71 -2.86 17.47
RL2 -6.34 21.35 -3.64 15.64 -3.04 16.40
RL3 -5.72 21.44 -3.73 15.75 NR NR
RL4 -6.03 21.17 -4.15 15.68 -3.30 16.29
RL5 -5.96 21.12 -4.31 15.76 -3.20 16.35
RL6 -5.40 21.51 -4.00 15.79 -3.02 16.34
RL7 -5.37 21.57 -4.22 15.80 -3.31 16.06
RL8 -5.71 21.21 -4.18 15.97 -2.92 16.18
RL9 -6.26 21.19 -4.19 16.09 -3.56 16.19
RL10 -5.70 21.19 -3.90 15.91 -2.77 16.01
Average -5.80 21.26 -3.99 16.11 -3.11 16.37
NR i mplies Anot reliableo data
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Table3.64: Mean crossshore’Yand SDdy of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino elmcated with WG5 at x = 12.90 m and Blue
Vectrino coelocated with WG6 at x = 15.52 m for test series R, SWAL =
cm
2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6
Run = (cm/s) Gu(cm/s) =(cm/s) Gu(cm/s) =(cm/s) CGu(cm/s)
RM1 -4.94 20.99 NR NR NR NR
RM2 -5.01 20.97 -4.83 16.52 -2.81 17.34
RM3 -5.36 20.88 -4.31 16.45 -3.34 17.22
RM4 -5.35 21.00 -4.49 16.52 -3.22 17.28
RM5 -5.36 21.08 -4.62 16.60 NR NR
RM6 -5.28 21.07 NR NR -3.08 17.24
RM7 -5.08 20.96 -4.73 16.61 NR NR
RM8 -4.48 20.92 -5.58 18.89 -2.86 17.09
RM9 -4.76 20.96 -4.20 16.71 -3.02 17.22
RM10 -4.92 20.77 -4.59 16.69 -2.85 17.08
Average -5.05 20.96 -4.74 16.90 -3.03 17.21
NR i mplies Anot reliableo data
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Table3.65: Mean crossshoreYand SD(i, of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino emcated with WG5 at x = 12.90 m and Blue
Vectrino colocated with WG6 at x = 15.58 for test series R, SWL 4
cm

2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6

Run = (cm/s) Gu(cm/s) =(cm/s) Gu(cm/s) =(cm/s) CGu(cm/s)
RH1 -4.87 20.38 -4.10 16.96 -3.33 17.34
RH2 -4.52 20.30 -4.28 16.77 -3.50 17.24
RH3 -4.68 20.53 -4.67 16.78 -3.16 17.27
RH4 -4.28 20.61 -4.56 16.80 -3.29 17.37
RH5 -4.12 20.59 -4.66 16.80 -3.31 17.41
RHG6 -4.97 20.61 -4.46 16.77 -3.20 17.38
RH7 -4.17 20.61 -4.25 16.67 -3.46 17.35
RH8 -4.47 20.61 -4.41 16.55 -3.10 17.31
RH9 -4.12 20.49 -4.27 16.55 -2.94 17.34
RH10 -4.31 20.72 -4.26 16.71 -2.88 17.18
Average -4.45 20.55 -4.41 16.76 -3.22 17.31
NR i mplies Anot reliableo data
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Table3.66: Mean crossshore’Yand SDdy of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino elmcated with WG5 at x = 12.90 m and Blue
Vectrino coelocated with WG6 at x = 15.52 m for test series R, SVA. =
cm
2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6
Run = (cm/s) Gu(cm/s) =(cm/s) Gu(cm/s) =(cm/s) CGu(cm/s)
RE1 -3.91 20.44 -4.20 17.51 -2.75 17.28
REZ2 -3.80 20.65 NR NR NR NR
RE3 -4.12 20.66 -4.45 17.33 -2.75 17.61
RE4 -4.10 20.36 -4.09 19.85 -2.84 17.10
RES -3.66 20.34 -4.56 17.28 -2.84 17.04
REG6 -4.24 20.65 -4.44 17.38 NR NR
RE7 -3.82 20.42 -4.73 17.35 NR NR
RES8 -4.18 20.66 -4.53 17.19 NR NR
RE9 -3.80 21.11 -4.40 17.17 -3.14 17.20
RE10 -4.04 21.11 -4.55 17.13 -2.91 17.34
Average -3.97 20.64 -4.44 17.63 -2.87 17.31
NR i mplies Anot reliableo data
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Table3.67: Mean crossshore”Yand SD(i, of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino emcated with WG5 at x = 12.90 m and Blue
Vectrino coelocated with WG6 at x = 15.52 m for test series B, SWL =
cm

2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6

Run = (cm/s) Gu(cm/s) =(cm/s) CGu(cm/s) = (cm/s)  Gu(cm/s)
BL1 NR NR NR NR NR NR
BL2 -4.50 21.46 -3.64 15.71 -3.18 16.83
BL3 -4.94 20.93 -3.78 15.62 NR NR
BL4 -4.80 21.11 -3.79 15.82 NR NR
BL5 -4.43 21.03 -3.69 15.85 -3.24 16.85
BL6 -4.28 20.57 -3.78 15.83 -3.50 16.83
BL7 -4.63 20.89 -3.77 15.76 -3.26 17.04
BL8 -4.46 20.77 -3.76 15.76 -3.23 17.02
BL9 -5.04 20.71 -3.72 15.73 -3.48 17.06
BL10O -4.72 20.73 -3.87 15.68 -3.01 16.92
Average -4.64 20.91 -3.76 15.75 -3.27 16.95
NR i mplies finot reliableodo data

66



Table3.68: Mean crossshore’Yand SDdy of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino elmcated with WG5 at x = 12.90 m and Blue
Vectrino coelocated with WG6 at x = 1525m for test series B, SWL 2
cm
2D ADV at WG4  Red Vectrino at WG5 Blue Vectrino at WG6
Run = (cm/s) Gu(cm/s) =(cm/s) CGu(cm/s) = (cm/s) Gu(cm/s)
BM1 -5.08 21.03 -4.37 16.11 -2.99 16.08
BM2 -4.82 21.15 -3.48 18.15 -3.23 16.58
BM3 -5.00 21.16 -3.37 18.37 -2.96 16.67
BM4 -4.98 21.41 -3.39 18.44 -3.32 16.68
BM5 -4.88 21.44 -4.24 16.33 -2.79 16.67
BM6 -4.95 21.48 -4.27 16.32 -2.66 16.60
BM7 -5.12 21.21 -4.79 16.21 NR NR
BMS8 -5.04 21.21 -4.48 16.34 NR NR
BM9 -4.71 21.33 NR NR NR NR
BM10 -4.99 21.33 -4.27 16.30 -2.71 16.62
Average -4.96 21.28 -4.07 16.95 -2.95 16.54
NR i mplies Anot reliableo data
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Table3.69: Mean crossshore”Yand SD(i, of the 2D ADV colocated with WG4 at x
= 8.30m, Red Vectrino cdocated with WG5 at x = 12.90 m and Blue
Vectrino coelocated with WG6 at x = 15.52 m for test series B, SWAL =
cm

2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6

Run = (cm/s) Gu(cm/s) =(cm/9 Gu(cm/s) = (cm/s)  Gu(cm/s)
BH1 -4.49 20.75 -3.94 16.16 -2.81 16.44
BH2 -4.25 20.86 -4.39 16.70 -3.34 16.72
BH3 -3.94 20.98 -4.19 16.22 -3.04 16.03
BH4 -3.73 20.87 -4.29 16.15 -3.00 16.02
BHS5 -3.96 20.90 -4.07 16.06 NR NR
BHG6 -3.62 20.56 -4.39 16.52 -3.24 16.45
BH7 -3.23 20.66 -4.90 16.53 -3.17 16.51
BH8 -3.39 2041 -4.58 16.51 -3.35 16.40
BH9 -4.11 20.51 -4.82 16.58 -3.32 16.33
BH10 -3.65 20.70 -4.54 16.52 -3.08 16.31
Average -3.84 20.72 -4.37 16.37 -3.15 16.36
NR i mpdt erseliinabl ed dat a
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Table3.70 Mean crossshoreYand SD(i, of the 2D ADV colocated with WG4 at x
= 8.30 m, Red Vectrino emcated with WG5 at x = 12.90 m and Blue
Vectrino coelocated with WG6 at x = 15.52 m for test series B, SWA. =
cm

2D ADV at WG4 Red Vectrino at WG5 Blue Vectrino at WG6

Run = (cm/s) Gu(cm/s) =(cm/s) CGu(cm/s) = (cm/s) Gu(cm/s)
BE1 -3.27 20.89 -4.23 17.21 -2.90 16.53
BE2 -3.32 20.95 -5.26 20.03 -3.44 16.60
BE3 -3.36 21.15 -4.46 16.93 -2.93 16.65
BE4 -3.26 20.99 -5.31 19.70 -3.32 16.64
BES -2.95 20.74 -4.13 17.14 -2.88 16.69
BEG -2.97 20.76 -4.46 16.94 -3.23 16.67
BE7 -2.57 20.76 -4.60 16.85 -3.24 16.62
BES -2.63 20.84 -4.49 16.90 -2.86 16.79
BE9 -3.17 20.92 -3.95 16.96 -3.36 16.71
BE10 -2.13 21.17 -4.16 16.96 -3.06 16.72
Average -2.96 20.92 -4.51 17.56 -3.12 16.66
NR i mplies Anot reliableo data
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3.2 Wave Overtopping and Overwash Rates
The volume of water and sand transported over the impermeable vertical wal
were used to obtain the water overtopping raeng sand overwash ratgsper unit
width averaged over each 400 s run as listed in $&hl&l- 3.79where tests withg
=0 and gs= 0 are omittedFigure 3.1 shows the temporal variations ©and gs for

all the runs ireach of the four test series.

Table3.71 Measured sediment overwash rajg)( andwater overtopping rategf)
for test series N, SWL =€m

Run  gps(cn?/s) o (cnéls)

NL1 0.0011 0.199
NL2 0.0009 0.161
NL3 0.0024 0.242
NL4 0.0027 0.222
NL5 0.0026 0.243
NL6 0.0026 0.211
NL7 0.0022 0.214
NL8 0.0030 0.224
NL9 0.0029 0.214
NL10 0.0022 0.197
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Table3.72 Measured sediment overwash rajg)( andwater overtopping ratef)
for test series N, SWL 2cm

Run  ges(cn?/s) o (cnéls)

NM1 0.0223 1.447
NM2 0.0217 1.085
NM3 0.0228 1.046
NM4 0.0183 0.771
NM5 0.0200 0.833
NM6 0.0189 0.679
NM7 0.0180 0.620
NM8 0.0181 0.541
NM9 0.0183 0.560
NM10 0.0185 0.526

Table3.73: Measured sediment overwash rajg)( andwater overtopping rato)
for test series N, SWL =dém

Run  ges(cn?/s) o (cnls)

NH1 0.1175 2.362
NH2 0.1044 2.424
NH3 0.1102 2.900
NH4 0.1019 3.023
NH5 0.0972 3.061
NH6 0.0983 3.164
NH7 0.0956 3.256
NH8 0.0799 3.137
NH9 0.0863 3.182
NH10 0.0870 3.301
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Table3.74: Measired sediment overwash ratgs, andwater overtopping ratef)
for test series D, SWL 2cm

Run  ges(cn?/s) o (cnéls)

DM1 0.0001 0.005
DM2 0.0001 0.003
DM3 0.0000 0.000
DM4 0.0000 0.000
DM5 0.0003 0.009
DM6 0.0004 0.012
DM7 0.0007 0.016
DM8 0.0020 0.056
DM9 0.0046 0.143
DM10 0.0078 0.312

Table3.75 Measured sediment overwash rajg)( andwater overtopping ratef)
for test series D, SWL 4cm

Run  ges(cn?/s) o (cnls)

DH1 0.0629 2.426
DH2 0.0896 2.995
DH3 0.0863 2.645
DH4 0.0867 2.48%
DH5 0.0837 2.447
DH6 0.0810 2.272
DH7 0.0845 2.328
DH8 0.0806 2.363
DH9 0.0801 2.408
DH10 0.0738 2.321
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Table3.76 Measured sediment overwash raje)( andwater overtopping ratef)
for test series R, SWL £#cm

Run  ges(cn?/s) o (cnéls)
RH1 0.000014 0.0164
RH2 0.000007 0.0049
RH3 0.000006 0.0031
RH4 0.000008 0.0077
RH5 0.000033 0.0191
RH6 0.000033 0.0132
RH7 0.000043 0.0176
RH8 0.000041 0.0178
RH9 0.000054 0.0168
RH10 0.000022 0.0123

Table3.77 Measured sediment overwash rajg)( andwater overtopping ratef)
for test series R, SWL =@n

Run  ges(cn?/s) o (cnls)

RE1 0.0124 0.745
RE2 0.0211 0.599
RES 0.0184 0.484
RE4 0.0085 0.363
RES 0.0097 0.331
REG6 0.0205 0.456
RE7 0.0125 0.397
RES8 0.0189 0.432
RE9 0.0199 0.479
RE10 0.0190 0.479
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Table3.78 Measured sediment overwash rajg)( andwater overtopping ratef)
for test series B, SWL =dm

Run  ges(cn?/s) o (cnéls)
BH1 0.000134 0.0131
BH2 0.000174 0.0249
BH3 0.000297 0.0362
BH4 0.000097 0.0276
BH5 0.000064 0.0226
BH6 0.000051 0.0236
BH7 0.000048 0.0313
BH8 0.000046 0.0237
BH9 0.000033 0.0217
BH10 0.000016 0.0186

Table3.79 Measured sediment overwash rajg)( andwater overtopping ratef)
for test series B, SWL =@n

Run  ges(cn?/s) o (cnls)

BE1 0.0239 0.975
BE2 0.0236 0.679
BE3 0.0212 0.645
BE4 0.0186 0.534
BES 0.0178 0.450
BEG 0.0183 0.525
BE7 0.0173 0.437
BES8 0.0140 0.418
BE9 0.0145 0.420
BE10 0.0161 0.442
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Figure3.1: The temporal variations ob@nd gsfor all the runs in each of the four
test sees: N, D, R, and B

Logarithmic plotting shown in Figure 3.1 does not contain the data points with
0o and gs= 0. The average rates are plotted at time t correspond to the middle of each
run where t = 0 at the start of each test sefiee SWL was incresed by 2 cm
incrementat t = 4,000, 8,000, and 12,000 s for N and D test samesup to 16,000 s
for both R and B test series. As shown in Figure 3.1 and §aiié- 3.79 measured

values of g and gsfor given SWL were different among the N, D, RdaBtest series.
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Both @ andgpsdid not change much during 10 runs with constant SWL but increased
significantly with the increase of SWL.

For no protection (N) test series, both wave overtopping and sand overwash
started to occur from the beginningtbé test with SWL £ cm; however, for uhe
only (D) test series, dune prevented wave overtopping and overwash for 8\éh =
(t=07 4,000 3 but the values soaapproached tthose for the N testeries when
SWL increased to 2mand becme almost thessameduring t = 8,000 12,000 s with
t he dune 6 dForbeksdawall (R)Ytastseries and buried rock seawall (B) test
series no overtopping and overwash occurred for SWQ-2cm andduring t = Oi
8,000 s The values ofloand gswere reducegignificantly during t = 8,000 12,000
sin comparisorio the N and D test series. Even with extreme water depth (SBVL =
cm), thevalues of gand gsduring t = 12,000 16,000 s were still smaller than those
for N and D test series. R and B test senes2similarin terms ofgoand gs however,
B test serieproducedslightly larger values during 8,000i 12,000 s with SWL =4
cmbecause ofeduced roughnesgith sand in the stone voidshe dunein series B
was destroyed during t = 8,000.2,000 swith go and gs of the order of 0.02 and 10
cné/s, respectively. fie increase ofcpnd gsto the order of 0.5 and 0.02 é&s during
t=12,0000 16,000 dor the R and B test series reduceddtiterence between these
two test seriebecause of sam@moval from the buried stone seawall durirg

12,0001 16,000 s
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3.3 Beach Profile Evolution

Figures 3.2 3.5are measured profiles of N, D, R, and B test series att = 0,
4,000, 8,000, and 12,000 s for both N and D test series, and t = 0, 4,000, 8,000, 1
and 16,000 s for both R and B test serig wie elevation = 0 corresponding to the
SWL = 0cm at t = OFor brevity,t = 0, & = 4,000 s,4= 8,000 s,4= 12,000 s andit=
16,000s in these figures he profileswere measured along x & ®0 m but thezone
of x = 161 19.9 m of noticeable profile changes presented for clarity. For N test
series as shown in Figure 3.2, foreshore slope was eroded and become slightly steeper
att=4,000 s. The eroded sand was deposited on the berm andrtethsper the
vertical wall located at x = 19.9 m. A sediment budget analysis for the zone of x = 16
T 19.9 m indicated that some of the eroded sand was also dispersed offshore from x =
16 m. However, the deposited sand was not detectable from the prefilurement
of 1 mm uncertainty. Increasing SWly 2 cmcaused the trend of foreshore erosion as
well as berm accretion during-t4,000i 8,000 s with SWL = Zm. Additional
increase of 2 cm of SWL caused upward increase of foreshore erosion with no berm

accretion during t = 8,00012,000 s.
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Figure3.2: Series N profile eolution with 2 cm SWL increaseSWL =0 cm, 2 cm
and 4cm

Figure 3.3 is the profile evolution of the series D, dune only test series. There
was no wave overtopping nor sand overwaslindur= 07 4,000 s; however, seaward
dune slope was eroded. When SWasincreasedy 2 cm during t = 4,0008,000 s,
wave overtopping and sand overwash were initiated and decreased the dune crest.
Some of the overwashed sand was deposited on theafiemthe 2 cm increase of
SWL. Further SWL increase of 2 cm caused the destruction of the dune and foreshore
was eroded at t = 12,000 s. The narrow dune is vulnerable and its effectiveness in
comparison to series N with no dune is essentially limited todhdition of no wave

overtopping.
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Figure3.3: Series D profile eolution with 2 cm SWL increaseSWL =0cm, 2 cm,
and4cm

The rock seawall test seriBsFigure 3.4 shows the profile evolution of
measured profiles at t = 0, 4,000, 8,000, 12 &0 16,000 s. During t =104,000 s
with SWL =0cm and t = 4,000 8,000 s with SWL =2 cm, respectively, no wave
overtopping nor sand overwash occurred and the profile change was relatively small
compare to test series N and D. Slight foresleosioroccurred at = 4,000 s. Wave
uprush penetrated through the porous seawall and deposited sand on the berm att =
8,000 s. During t = 8,00012,000 s, with SWI= 4 cm, minor wave overtopping
occurred and sand beach was eroded on foreshore and accrétedemiWhen the
SWL was increased to @n, wave overtopping and overwash increased significantly
but relatively smaller than that of N and D test series. Scour trench was created

landwad of the seawall and the seawaldpe and crest of the seawall vesisded.
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Figure3.4: Series Rprofile evolution with 2 cm SWL increases: SWLO=cm, 2 cm,
4 cm, and &€m

The profile evolution of buried seawall test serieggseB, is shown in Figure
3.5.During t = 01 4,000 s, similar to thdunetest series D, the s@ard dune slope
waserodel but no wave overtoping occurred. Figure GoBnpareshe experimental
photo taken at t = @00 s for series B with SWL =dn andthe uncovered relic
seawallphotoat Bay Head after Hurricane Sanphgsented byrish et al.(2013. The
similarity of the photos suggests that wave overtopping at Bay Head during Hurricane
Sandy might not have occurrdduring t = 4,000" 8,000 s, dune slope erosion
continued with little dune crest lowerimgdstill no wave overtopping. The dune was
destroyed during t = 8,00012,000 s Overtopping and overwash ratescamdarger
during t = 12,000 16,000 qFigure 3.} andno sandemainecdn the seawall by the
end of thigtest series. The observed seawall exposure progression is presented by

phobs taken after every run (400 s)Hgures 3.77 3.10. After sand was removed, the
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profile change became similar to that of series R and the profile changes during t =
4,0001 16,000 s might suggest the performance of the relic seawall at the Bay Head

for storms with higher storm surge than that of Hurricane Sandy.

B _

T

0.2

&
)

Elevation (m)

20

Figure3.5: Series B profile eolution with 2 cm SWL increases: SWLOTm,2 cm,
4.cm, andé cm

Figure3.6. Partially exposed stone due to dune erosion a@teuns (4000 s) in
seriesB and after Kirricane Sandgt Bay Head (Irish et al 2013)
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Figure3.7: Seawall expasgreprogresen for series B during t =-@,000 s
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Figure3.8: Seawallexposireprogresen for series B during t = 4,088,000 s
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Figure3.9: Seawallexposireprogressn for series B durig t = 8,00012,000 s
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Figure3.10: Seawallexposire progressn for series B during t = 12,0006,000 s
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3.4 Deposited Sand Height inside Porous Seawall

After testseries R and B, stones were removed carefully to measure sand
deposited and remaining on théfi@ mesh. This procedure was adoptethe
previous experiment witasubmerged breakwater in the surf zone on a beach using
the same sand and stones by Garcia and Koba{zixlh). Deposited sand heigbnh
the meslwas measured with the three dimensldaser scanness shown in Figure
3.11. The deposited sand mass was also measured to estimate the porosity of,the sand
which was about 0.5&ndtheloose sand height was converted to the beach sand
height with porosity of 0.4The measured and adjustefiles are shown in the top
panels in Figure 3.11. The deposited and adjusted sand heights are presented in the
bottom panelsThe sad poured into the stone voids the B test series initraiye
removed by wave action in the swash zdre average sarheight on the fabric

mesh was 0.6 and 1.0 mm after series R and B, respectively.

n/ v '\/’ v LN AN
np, = 0.576

Figure3.11: R and B series deposited and adjusted saightson the fabric mesh
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3.5 Stone Damage and Settlement

Figures 3.12- 3.19 show thdaser line scanner images at thgibeing and end
of tests with SWL =0, 2, 4, and 6 cm for R and B test serteseRlamagwas
minimal until t = 8,00G6. Damage is discernible in the images from t = 8j006,000
s for both test series. Since the stone structure of B series was oeitarednd
damage was less as will be shown later. Moreover, sand cover in test series B
protected the back of the structure from damage until thevgascompletely

removed at the end of the t = 16,000 s.
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R series, SWL = 0 cm

19.1 18.9 18.7 18.5 191 18.9 18’?r 18.5

Figure3.12 R test series initial @0 s) andihal (t = 4,000 s) with SWL =0 cm

R series, SWL 2 cm

19.1 18.9 187 185 19.1 18.9 18.7 18.5

Figure3.13 R test series initial (t =4,000 s) and final (t = 8,00@itgh SWL = 2 cm
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R series, SWL = 4 cm

Figure3.14 R test series initial (t =8,000 s) and final (t = 12,00@i#) SWL =4 cm

R series, SWL =6 cm

<

19.1 18.9 187 185 19.1 18.9 187 185

\ o )
. 5 e
- »
~ g
- : au s 3
y

Figure3.15 R test series initial (t =12,000 s) afioll (t = 16,000 svith SWL =6
cm
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B series, SWL = 0 cm

19.1 189 18.7 185 19.1 189 18.7 18.5

Figure3.16 B test series initial (t =0 s) and final (t = 4,00@vth SWL =0 cm

B series, SWL =2 e¢m

final

19.1 189 18.7 1{3.5 IS;.I 18.9 18.7 18.5

Figure3.17 B test series initial (t =4,000 s) and final (t = 8,00&vgh SWL =2 cm
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Figure3.19 B test series initial (t =12,000 s) and final (t = 16,000if) SWL = 6
cm
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Theeroded area £of stone cross section for both R and B test series in the
stonezone of x = 18.46 19.02 m is calculated at t45000, 8,000, 12,000, and 16,000
s by comparinghe measured profilith the initial profile at t = 0. The eroded area
Aeis calculated for green stone and blue stone separately using alongshore averaged
profiles for each segment shown in Figg8e20-3.23 for R test seriemnd in Figure
3.243.27 for B test series. FexampleR test seriewith SWL = 0 cm (Figure 3.20)
produced green stone eroded akgaf about 10.4n¥ in comparison to blue stone
eroded area of about &&v. This small difference is due to the sizelhd stone used
for green and blue stones where the nominal diamee~L3.52cm for thegreen
stone and Bo= 3.81 cm(8% larger)for the blue stones’he eroded area was similar
or slightly smaller for the larger blue stone. The eroded area wasialB test
series with the sand cover protection.

The damage progression of the stone seawall in both series R and B is
analyzed using a standard method for a stone structgre Neelby and Kobayashi
2011) using damagdedefines as

S =Ae/ (Dns0)? (3.1
whereS=0at t = 0. The temporal variation 8fis shown in Figure 3.28he incident
significant wave height kb at x= 0 was approximately 17 cfar all the test series.

The stability numbeNs =Hmo/ [(” /" T 1) Dnsq with ” = water density (1g/cfh and

" = stone density (Table2?) is 2.5 and 2.2 for the green and bluae®if Hno =

17cm at x = 0 is used Ks. However, the offshore wave height is inadequate in
predicting the stone damage in the swash zone. The intensity of wave uprush and
downrush orthe rock seawall increased with the 2 cm SWL increase g0694

8,000, and 1200 s. The damage at the end of series R and B was much larger than
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expected. Stone movement was observed to be small and the cause of the large

damage was examined in thdéldaving.
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Figure3.20 R test series green and blue stone eroded area and daomagje Oto t
=4,000 s
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Figure3.21 R test series green and blue stone eroded area and daomage= O tot
=8,000 s
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Figure3.22 R test series green and blue stone et@iea and dama@g@mt = 0tot
=12,000 s
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Figure3.23 R test series green and blue stone eroded area and daomage O tot
= 16,000 s
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Figure3.24 B test series green and blue stone eroded area and diiomage O tot
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Figure3.25 B test gries green and blue stone eroded area and ddmagé= 0 tot

=8,000s
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Figure3.26 B test series green and blue stone eroded area and diiomage Otot
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Figure3.27. B test series green and blue stone eroded area and dfiomage= O tot
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Figure3.28 Damage progression of green and bliomss on R and B test series

Stone damage in series R and B may have been caused by stone settlement
rather than stone displacement by wave action because the erodediargefifed as
the ara of the lowered stone surface below the initial stone surface. Figure 3.29 shows
the initial (t=0) and final (= 16,000 s) stone surface and fabric mesh (filter)
elevations in the zone of x = 18.44.9.02 m for series R and B. The eroded (lowered)
areas of the stone surface and filter were 178and 160 crfy respectively, for series
R and 57 crhand 37 crf respectively, for series B. The cres®ore variations of the

stone surface and filter settlement are similar below the seaward slope of th# seaw
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which was exposed to intense wave uprush and downrush after the foreshore was
eroded (Figure 3.4 and 3.5). No measurement was made of sand transport and
undermining below the filter in the swash zone in this experiment because the filter
was presumedtprevent stone settlement. The reduced damage for series B in Figure
3.28 may be reinterpreted as the reduced sand undermining below the filter because of

the additional sand placed on and inside the porous seawall.

| = initial =ssssexfinal [ ] settlement I

0.16 | 0.14 |

0.12 ¢ 0.10 |

0.08 | 0.06 |

Elevation (m)

0.04 1+ 0.02}
‘0

18.46 18.60 18.80 19.02 18.46 18.60 18.80 19.02
X (m)

Figure3.29 Stone and filterettlementor series R and B
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3.6 Block Movement

Figures 3.301 3.37show photos ofour blockson the berm before and after
each run of series R and Bhe blocks were dry when no wave overtopping occurred
and became wet when wave overtopping initiatBhck movement started at =
12,000 svhen the SWL was increased to 6 ¢for series R during t = 12,000
16,000 sthe blocks moved during the first and second runs but stopped moving
afterwards as listed ihable 3.80For series B during= 12,000 16,000 sthe four
blocks movediuringthe second run. Bloako. 3 coinued slidingafterwards and slid
over the vertical wall aétr 9 runs as shown in Table 3.81 and Figure.3.B& blocks
moved slightly more in series B than series R due to the sand cover eawsd! s

whichincreased wave overtopping somewhat (Figure 3.1).
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Table3.80 Block movement forexries R during t = 12,00016,000 s

Block Number

Run
1 2 3 4
RE1 slid slid slid slid
RE2 wet slid wet slid
RE3 wet wet wet wet
RE4 wet wet wet wet
RES wet wet wet wet
REG6 wet wet wet wet
RE7 wet wet wet wet
RES8 wet wet wet wet
RE9 wet wet wet wet
RE10 wet wet wet wet

Table3.81 Block movementor series B during t = 12,00016,000 s

Block Number

Run
1 2 3 4

BE1 wet wet wet wet
BE2 slid slid slid slid
BE3 wet wet slid wet
BE4 wet wet slid wet
BES wet wet slid wet
BEG6 wet wet slid wet
BE7 wet wet slid wet
BES8 wet wet slid wet
BE9 wet wet off wet
BE10 wet wet off wet
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Figure3.3Q Four blocks on berrfor series R during t =-@,000 s
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Figure3.31 Four Hocks on bernfor series R during t = 4,068,000 s
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Figure3.32 Four blocks on berrfor series R during t = 8,0002,000 s
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Figure3.33 Four blocks on berrfor series R during t = 12,016,000 s
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Figure3.34 Four blocks on berrfor series B during t =-@,000 s
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Figure3.35 Four blocks on berrfor series B during t = 4,088,000 s



Figure3.36 Four blocks on berrfor series B during t = 8,0002,000 s
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Figure3.37 Four blocks on berrfor series B during t

12,0016,000 s
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Chapter 4

NUMERICAL MODEL

This chapteexplains the crosshore numerical model CSHORKXtendedo
compute stone damage, sand transport on and inside seawalbttema dlevation
change The original numerical model of CSHORE is described in detail in Kobayashi

(2016).

4.1 CrossShore Model (CSHORE)

The components of CSHORE for normally incident waves used in this study
include:a combined wave and current model based on-taneraged continuity,
momentum, wave action, and roller energy equations; a sediment transport model for
bed load and suspeed load coupled with the continuity equation of bottom sediment;
a permeable layer model for porous flow; and a probabilistic swash model on
impermeable and permeable bottoms. In this extended CSHORE, the fine sand and
stones used in the experiment areuased to be impermeable and permeable,
respectivelylnputto the numerical madel foreach series includes the measured
bottom elevationzof sand or stone surface at t = 0, measured valugsHm,, and
Tpat x = 0 for all the runs in the test saridhe input parameters for CSHORE are
taken as standard values in order to assess the degree of agreement in light of previous

comparisons discussed in Kobayashi (2016).
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4.2 Computed Stone Damage

The model CSHORE is extended to preditéct of the rock seaall on cross
shore sand transpart series R and B. TharesentCSHORE cannot predict the
movement of both sand and stone simultaneously. Damage on the rock seawall in
series R is computed assuming no sand movement on the initial sand bottom. Because
of thetwo differentstonesizes(green and blue @hesusedin series R and Bjwo
computations are made for the seawall consisting of the green stone and the blue stone
separately. The computed damage at the end (t = 16,000 s) of series R is 0.007 for the
green stones and 0.004 for the blue stones, respectively. These computed damage
results are much less than the measured danfdlye order of 10 in Figure 3.28 in
Chapter 3. This discrepancy prompted us to examine the filtégraetit shown in
Figure 3.29n Chapter 3. In the following, the stones are assumed to be immobile. Use
is made of the average diametegd> 3.65cm of the green and blue stones,
accounting for the stone width differen@eable 2.2) The stone porosity isa 0.44.
The stone dianter and porosity are used to estimate the laminar and turbulent flow
resistance inside the seawall (Kobayashi et al. 2010). The filter is assumed to be fixed
because sand transport processes under the filter in the swash zone are unknown. The
assumption oho filter settlement may be acceptable when damagéessshan

about 1 in Figure 3.28
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4.3 Sand Transport on and inside Seawall

Figure 4.1illustrates assimple modefor sand transport on and inside the fixed
seawall Theseawall is located in the zonetbe fixed filter and stone. The three
dimensional laser line scanner measured the bottom elevabontze surface of sand
or stondn series R and Bl'he lower limit of z in the stone zone is the stone surface
elevation ssmeasured at t = 0. The sasutface elevationpas introduced to keep
track of the sand surface in the stone zone whgrezzoutside the stone zone and
above the stone surface covered with sand. The lower limitioftze stone zone is
the filter elevation z measured at t 8. The measured crosiore variations 0fi2
and zsin the zone of x = 18.4619.02 m are input to the extended CSHORE. For
series R, there was no sand above the filter initially $hatzssat t = Q Different from
series R, stone surface of series B was covered with sand initially thag at t = Q
The thickness jof the porous layer with no sand is given RyHz i zp) where the
sand surface is assumed impermeable. The porosity of the porous layer iscassum
be the same as the stone porositysome sand may have been deposited or remained
in the porous layer but the volume of sand attached to individual stones was negligible
when the stones were removed and the sand volume on the filter was medsured af

series R and B.
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Figure4.1: Simple model forsand transport on and inside the fixed seawall
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stone zone

Figure4.2: Hydrodynamic computation oroblomelevationzy
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The crossshore model CSHORE computes the mean and standard deviation
(SD) of the free surface elewat /7 above SWL and the deptveraged crosshore
velocity U above the bottom elevatiop ¢igure 4.2. The water volume and
momentum fluxes between the flow aboyerd the porous flow betweepand 2z
affect wave motion and overtopping in the swashez(Kobayashi et al. 2010). The
porous layer effect is limited to the zone b0 which changes with time t. The
crossshore bed load and suspended load transport iaseslgg are estimated using
the empirical formulas in CSHORE devedapfor the case ofyl= 0in the zones of no
porous laye(Figure 43). To account for the porous layer effect crudely, the estimated

0o and @ are multiplied by the reduction factop Bxpressed as

R,=exp(-Gh /d,) for hz ( 4.1)
where G = empirical constant;g= porous layer thicknesssg= median sand
diameter. EqQ. (4.1) yieldspR: 1 for hp = 0 and the exponential decrease pfniRh the
increase of h The value of ginfluences sand mobility inside the seawall. The

calibrated value for series R and B witg d 0.18 mm is = 0.01, which should be

regarded as an ordef-magnitude estimate in light of the crude nature of Eq. (4.1).
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Figure4.3: Stone porous layer of thicknesgviith no sand inside
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4.4 Bottom Elevation Change
The temporal change of the bottom elevatipis zomputed using the

continuity equation of bottom sand together with the estimated and redumed @

The computed incremebiz, from z at time level t is added to obtaig) = (z» + Dzb)

and z, = 7 at the nextime level outside the stone zone. In the stone zone, erosion

(Dzy < 0) is limited by available sand. The deposited (including the sand porosity of
0.4) sand volume ¥Yabove the filter per unit horizontal area is given($se Figure

4.4)

Vd:ns(zp—zps) for h >C 4.2)

Vd:Zb_st+ns( Z,Z p) for h =( (4.3)

where = (z, 1 zp) is positive or zero becausg?zz, 2 zps. The stone porositysn

indicates the void among stone units. The deposited sand hgightive level t is

zero or positive. If the comped Dz, < (- V), Dzs = (- V) is used to estimatg, and

z*p at the nektime level in the stone zone as presented helow
For sand depositiorDg, > 0) in the stone zone,
Z=z,4pg : p b, 5 oz =z 2( 14 (4.4)
7,72, ; 2,=z,Hz H)n  fo( . ¢ (4.5)
where the stone surfaces s covered with sand in Eq. (4.4) and exposed to water in

Eq. (4.5).

For sand erosiorDg,<0) in the stone zone,

Z,=2,, ; 2,72,z )n f o (4.6)
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For b = 0 (& = zp), sand on the stone surfaseeroded as follows:
2,=2,%P3 ;, 4 =z f o D( @.7)

Z,=2,, ; Z,=z,,{ DIn) for D<( 4.8)

where sand cover on the stone surface remains at the next time level in Eq. (4.7) but is
eroded to the stone surface in Eq. (4.8). The abovertiarehing computabin is

repeated from the initial profile at t = 0 to the end of each series.

Zb = ZbS P N
S e g,
X 5 A ﬁ >
A %
@
é Zp h > O v Zb = Zp
stone }; /
sand £~
sand
hp =0 —> Zp 1 Zps
ol e .
| stone zone
hp =0 hp > ()

Figure4.4 Sand volume Yabove filter in zones ofgis 0 and B> 0



Chapter 5

COMPARISON WITH DATA

The extended CSHORE is compared with the analyzed d#ta ofossshore
wave transforration, wave overtopping and sand overwastsrated beach profile

evolutions for series N, D, R, and B.

5.1 CrossShore Wave Transformation

The measured crosore variationsf -[A , Py, Y, andA are plotted for 10
runs with constant SWL in el seriegogether with theomputed crosshore
variations in Figure5.1-5.14. These hydrodynamic variables are predicted within
errors of about 20% except for WGS8 at x = 18.6 m in the swash Zbragreement
at WG8, located in 14 cm landward of the tf the seawalh series R and B
depends on the accuracy of the predicted bottom elevation change. The assumption of
the fixed seawall implies no lowering of the bottom elevation at WG8. This may partly
explain the underprediction éf at WG8 in Figire 5.9 during t = 8,00012,000 s in
series R where damage was aliat t = 12,000 s in Figure 3.28 fronm&pter 3. For
series N and D with no seawall, at WG8 in Figure 5.3 and 5.6 is predicted better
during t = 8,000 12,000 s as was the casghaprevious comparisons for cases

without any stone structure in the swash zone (Kobayashi 2016).
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Figure5.1: Mean and SD of free surface elevatioand horizontal velocity)

together with wet probabiliti?w for 10 runs during time t =04000 s in
series N
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Figure5.2 Mean and SD of free surface elevatioand horizontal velocity)
together with wet probabiliti?w for 10 runs during time t = 4,000
8,000 s in series N
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Figure5.3 Mean ad SD of free surface elevatierand horizontal velocity)
together with wet probability?y, for 10 runs during time t = 8,000
12,000 s in series N
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Figure5.4 Mean and SD of free surface elevatioand horizontal velocity)
together with wet probabiliti?w for 10 runs during time t =104,000 s in
series D
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Figure5.5 Mean and SD of free surface elevatioand horizontal velocity)
together with wet probabiliti?w for 10 runs during time t = 4,000
8,000 s in series D
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Figure5.6. Mean and SD of free surface elevatioand horizontal velocity)
together wih wet probabilityPy for 10 runs during time t = 8,000
12,000 s in series D
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Figure5.7. Mean and SD of free surface elevatioand horizontal velocity)
together with wet probabiliti?w for 10 runs during time t =104,000 s in
series R
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