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Outline

= New Capabilities in GenCade:

» New Processes: Estimation of Cross-shore Sediment Transport,
Shoreline Retreat due to Sea Level Rise and Subsidence

» New Simulation Approach: Probabilistic Shoreline Change Modeling
using Monte-Carlo Simulation

) &

= Validation of GenCade new Processes: % | %\w
» CHL Field Research Facility in Duck, NC ‘ »” |
> Fenwick Island, DE with inclusion of Beachfills [ 7
> Indian River Inlet, DE ST

= GenCade-based Monte-Carlo Simulation \
for Risk Estimation of Shoreline Change

= Probabilistic Shoreline Change Modeling &8 N
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Long-Term Shoreline Changes

Prediction of long-term shoreline changes is a
key task in coastal management practice.

Multiple physical processes drive shoreline
changes: wave, wind, tide, storm, current, sea
level change/subsidence, sediment
properties, longshore/cross-shore sediment
transport, human activities (structure
installation, beach refill, beach recreation),etc.

Shoreline changes induced by natural physical
processes in general are highly irregular.

Probabilistic shoreline change prediction is
needed for best shoreline management practice
for long-term protection purpose.

Uncertainty estimation of shoreline changes
Is required for best shoreline erosion control
management.
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Shoreline Change due to Coastal
Management Practices

S d

= Construction or modification e
of inlets for navigational .,
purpose

= Construction of harbors with
breakwaters built in
nearshore regions

= Beachfills (sand nourishment)
= Sand Bypass

= Sand Mining

= Dredging Material Disposals

Dy

Fig. Sand Bypass in Indian Riverinlet; DE o
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GenCade:
USACE Shoreline Evolution Simulation Model

T Taa W e e

GenCade: A one-dimensional shoreline === ==
change model driven by longshore =
sediment transport, including modules | =~
for inlet-sand sharing, beach

nourishment, structure effect, etc.

Combines the engineering power of
GENESIS with the regional processes ¢
capability of the Cascade model.

Development began in 2009, GenCade ISCERSSSREE. 4
Version 1 in SMS Ver. 11.1 was released =S : Al
In 2012 (Frey et al. 2012)

Applications in US and other

international coasts. Top: Onslow Bay, NC (for SAW)

Bottom: Galveston, TX (Galv. Park Board)
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Longshore Sediment Transport
- Energy Flux Method (CERC formula)

Q= HbZCgb(a1 sin 2a, —a, CoOS %j

OX
. . Er
H, : Wave Height at breaker line
Cgp - Group speed at breaker line
o Angle of Incident Wave

_ K, g Crest to the X-Axis
%= 16(s—1)(1= p)L.416> 5 i
a, = X g

> 8(s-1)(1- p)tan S51.416>°

Shoreline - < ::t;:‘-;,::'{_i’:.j?}'v_? A

K, K,=empirical coefficients e l o

Typically, 0.5K, <K, <1.5K, "+ Distance Alongshore ¥
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Cross-Shore Sediment Transport vs Nearshore
Wave Asymmetry and Nonlinearity

Bar Zone Upper Shoreface Contributors to Cross-Shore Transport:
o ot b rot o « Sandy bar migration (on-offshore directions)
inner Outer « Undertow due to storm waves (offshore)

Transitional

* Orbital motion of small waves (onshore)
R « Overwash and overtopping

= " 16 Nov 1982 °

8 Apr 1983

600
Offshore Distance, m

2 . . ;
Wave: H=1.0m, T=8s ———h=0.5m
——h=0.8m
15 ——h=2.0m

U(t)/u

RS
IAVAN

0 0.

tT
Figure. Near-bed orbital velocities for a wave (height H=1.0 m and period
T=8 s) at four water depths. The positive sign denotes onshore direction

Carolina
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Cross-shore Sediment Transport due to Wave
Asymmetry and Nonlinearity

Cross-Shore Transport Rate due to Velocity Skewness

_ %

O

Q, and Q. are the net sediment transport due to waves and currents (Bailaid & Inman
1981, Hsu et al. 2006)

) (Q, +Qc +Qp) ap=empirical parameters (=1~2), p=porosity of sediment

Q, = G (2B < UO‘ZUO,X sk <‘UO‘3UO,X >)
(s-1)g tane W,
QC:(sCi) th <Ut‘2UX>+g—S<‘Ut‘3UX>)
-1)g tang W,

Energy Dissipation Wave Skewness

U, = wave orbital velocity vector, @ = friction angle
U, = the total velocity vector (waves plus currents), and W, = sediment fall velocity
U = current velocity vector, related to longshore current  C_, C, &g, & = empirical parameters obtained by

and undertow current. Fernandez-Mora et al. (2015)
Qp represents a diffusive transport due to downslope move of sand:
Avtan
Qp = d p Ap, v=empirical parameters

° " tan p(tan o —tan )
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Calculation of Near-Bed Horizontal Orbital
Velocity: An Asymmetrical Wave Shape Model

» Abreu et al. (2010) introduced a simple analytical
expression for the free-stream near-bed horizontal orbital
motion

Sin(a)t)Jr"Sin(”w
o f 2

1-rcos(awt +¢,)

r = nonlinearity measure calculated by Skewness and
Asymmetry parameters (Ruessink et al. 2012)

f =+1-r?

Combination of mean current and orbital velocity

U,(t)=(U +U, (t)cos )i + (U +U,(t)cosd) ]

undertow alongshore

I: cross-shore direction, j=alongshore direction

Uundertow = undertow current in cross-shore direction

U 4iongshore =Me@N current alongshore

Linear Wave Nonlinear Wave
Symmetric Shape Asymmetric Shape

U(t)/u
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Shoreline Recession due to Sea Level
Rise: Bruun Model (1962 1988)

/.

e

=

=

Shoreline Retreat rate 5
g

el
h.+B =

S: Sea level rise rate
h* = sediment closure depth
B = Berm Height

dune
erosion

Standard Bruun Rule
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New Features of GenCade for Shoreline Evolution
Model with Cross-Shore Transport and SLR

= Shoreline Change Equation with Sea Level Rise (SLR)

1 R+S
Y -+ (8(2 =0 ¢j + =0
ot D, \ oX tan g
¢ : Cross-shore sediment transport rate /L
B el
R :SealLevel Change Rate _/,,,/[*.;T'f\ P>

g : Subsidence Rate

. Water
T Level
Datum

tanf  : beach slope

D, =d_+d,(t) :Total closure depth

» Berm height varies with sea level change .
d®)=d,-(R+S)t RS g ——— — . ——— -

profile closure
BUILDING STRONGg, Bruun’s rule for retreat




Model Validation:

Shoreline Changes (1999-2005) at FRF, Duck, NC

200 Comparison of Shoreline Position at x = 2320 (m) O Model Parameters
180 igit;sjlr;?;:“\:vith é &, ds dso R i 2 = A5
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Representative beach profileucoverage area along the FRF property.
CRAB =Coastal Research Amphibious Buggy

Determining Shoreline Positions from FRF
Survey Data of Beach Profiles

5000 T T
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Bathymetric contour plot showing the relatively straight s pov 02 pov pros
and parallel contours except in the vicinity of the pier

Time:

» Beach profile locations dating back to 1985 illustrating the cross-shore and
temporal coverage
* 14 Survey groups (total 965 data surveys) based on projects
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Wave Data (2000/1/1 — 2006/1/1)

The wave measurements at the 8-m array during the six year study period (1999-
2005) include a blend of low-energy periods and energetic storm conditions

Wave Height Wave Height
Hm) T(s)  alfa(deg)
Average 0.82 9.18 -5.06 £,
Min 0.14 3.09 -74.62 %
Max 528  18.96 111.32 i
o 0.53 268 1852 1

0
1/1/2000 0:00  5/15/2001 0:00 9/27/2002 0:00 2/9/2004 0:00 6/23/2005 0:00

USACE Field Research Facility

Wave Direction

150

100

Wave Angle (Deg)

-100
1/1/2000 0:00 5/15/20010:00 9/27/2002 0:00 2/9/2004 0:00 6/23/2005 0:00




Meters

Sea Level Rise Trend

NOAA-NOS #8651370 Duck, North Carolina

8651370 Duck, Morth Carolina 455 +/- 0.71 mm/yr
0.60
— Linear Relative Sea Level Trend ?Evf»
0.45 | | Upper 95% Confidence Interval | _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ o _ U/_
— Lower 95% Confidence Interval
___Monthly mean sea level with the
0.30 - average seasonal cycle removed - — — - — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — —

0151 — — — — — — = & & & e e e e e e = oy .
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https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=8651370
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Shoreline Position (m

)

Shoreline Position (m

Model Validation: Comparison of Shoreline
Evolution (1999-2005) at FRF, Duck, NC

Comparison of Shoreline Position at x = 2320 (m)

FRF in Duck, NC

200
= O~ - Observation
180 |- |——— Simulation with ¢
= = = :Simulation without ¢
160
140 +
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80 |
60 |-
.09 1s cross-shore sediment transport
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Year
200 Comparison of Shoreline Position at x = 2680 (m)
= O~ - Observation
180 |- |——— Simulation with ¢
= = = :Simulation without ¢
160
140
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100
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Shoreline Pasition ( y (m)
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Shoreline Pasition ( y (m)

Model Validation:
Comparisons of Shoreline Positions (1999-2005)

Comparison of Shorelines on 04/08/2004

Comparison of Shorelines on 10/27/1999
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Comparison of Shorelines on 06/28/2005
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Shoreline Changes (Ay (m))

Model Validation: (w or w/o xshore)
Comparisons of Shoreline Changes (1999-2005)

Comparison of Shoreline Changes on 10/27/1999
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Cross-shore Transport Rate (maf(moyear))
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Predicted Cross-Shore Transport Rate
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Predicted Cross-shore Transport Rate at x =2640 (m)
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Wave Height (m)

Cross-shore Transport Rate (maf(moyear))
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Cross-shore Transport Rate (mal(moyear))

Annual Cross-Shore Transport Rate

Average Cross-shore Sediment Transport Rate Average Cross-shore Sediment Transport Rate
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Model Skill Assessment:
Root-Mean-Square Errors at Observation Times (1999-2005)

R&?t-Mean-Square Error (RMSE) at each observation

B \Vith cross-shore transport
35 [ | ]Without cross-shore tansport

5 | J }
0

0 5 10 15
Number of Observation

N

RMSE:\/%Z(mi &0, )

i=1

m;: model values
O;: Observation data

20

Normalized Bias

0.05¢

-0.05¢

1 é) |
N (6)] —

-0.25¢

-0.3

Normalized Bias (NB) at each observation

I \Vith cross-shore transport
[ ]without cross-shore tansport

5 10 15 20 25
Number of Observation
1 N
el G
™%

NB=
iN o|
N|Z=];|I
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Modeling of Shoreline Change In
Fenwick Island, DE

Objectives: (1) to validate the GenCade Computational Parameters
model by using shoreline survey data _ |

provided by NAP and DNREC, and (2) to 013109113 000 - 2017101101 000
evaluate shoreline erosion after beach fill after the beach fill in Sept. 2013
completed in Sept. 2013. Tim el e

Grain size = 0.30 mm
Berm Height=1.0 m
‘ Closure depth = 10.0m
) Smooth parameter = 1 (no smoothing)
1 Fenwick Island, DE No regional contour
| Boundary Conditions: Moving (retreat 2.5
ft/year)
Grid Size =20 m
Sea Level Rise rate: 4.50mm/year (based on
tide gauges)
Subsidence : included

nnnnnnnn

. Calibrated Model Parameters:
K1=0.90
K2 =0.35

Cross-shore transport included
a Scaling parameter ap= 0.16

B3's-? C.» Cc, &g, &5 by Fernandez-Mora et al. (2015)

Millsboro
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History of Shoreline Positions In
Fenwick Island, DE

450 History of Shoreline Positions at x=2338 (m) 450 History of Shoreline Positions at x=2635 (m) 250 History of Shoreline Positions at x=3546 (m)
400 - 1 400 - ) 1 400 - ]
E ® E ® E
o c - L J
2 [} 2 @ S
3 @ 5 (]
o o I3
o 350 1 o 350 1 £ 350 ® ]
2 5 g
K] K] ®
S S 5
& & &
300 - g 300 - g 300 - i
250 250 250
2013-Jan 2014-Jan 2015-Jan 2016-Jan 2017-Jan 2013-Jan 2014-Jan 2015-Jan 2016-Jan 2017-Jan 2013-Jan 2014-Jan 2015-Jan 2016-Jan 2017-Jan
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Comparisons of Shoreline Positions
on 09/13/2013 and 10/15/2016

Profiles of Shoreline Positions on 13-Sep-2013

500
Initial
Simulation
450 1 . Observation ]

(m)

Shoreline Position
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150 . I \ . I
0 1000 2000 3000 4000 5000 6000
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4501 . Observation ]
—~ 400 F .
E
c
1=l
= 350 |
o
a
]
£ 300}
[
S
=
@ 250 .
200 1
150 . . \ . I
0 1000 2000 3000 4000 5000 6000
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Annual Longshore Sediment Transport Rate in
Fenwick Island, DE

T 600 | | | | |
©
2
= 500 ]
&
o
© 400 ]
X
)
w 300 ]
o
g 200
73 S
% £
= 100 ]
GC) A A M AA A
E O —— ‘
§ Nodal Point
° -100 FY14 Annual Rate 7~ N
E FY15 Annual Rate
@ -200 FY16 Annual Rate .
S 3-year Average Rate
-
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Annual Crossshore Sediment Transport Rate In
Fenwick Island, DE

35 T T T T T

FY14 Annual Rate
FY15 Annual Rate
FY16 Annual Rate
3-year Average Rate

25 .

Crossshore Sediment Transport Rate (m3/(m-year)
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GenCade-Based Monte Carlo Simulation

R e T PO &

R(x) x€[0,%)
p(x):{&W(x) X € (Xoy+0) — -
g | Input wave conditions for setting up the
probability density functions, i.e. wave

Rayleigh: R(x)

Weibull: W(x)

Wave 4 ! .
Generator heights, periods, angles | /Storm condition
0 -
A i 10
Generate time series of wave heights — | | il J |
and angles based on probability density 2 o k | n\, 1 mf | " k

i A
GenCade functions (pdfs) 2 ,.\,5.‘ 0N u iy VAR M\
+ ° =50 0 50 100 150

Comparison of Shoreline History at No. 1

SLR=0.0 (mm/yr)

| SLR=4.6 (mm/yr)

one-line model, GenCade

Repeat N times

Statistic > v ;
Analysis Statistic analysis of shoreline changes |
« Maximum l : e 2 e s e e m e Y
LI ke | I h OOd 105 Exceedance Probability and Weibull Fitting imation of Maximum Shoreline Erosjion with Ci ,' Interva
Estimation Stop

Simulation of shoreline changes by the

________________________________________________

The more test samples (N), the better statistic results
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Probabilistic Distribution of Wave Height

[ R
() —{ R

g: parameter
Xo: @ truncated extreme value of wave height

x€[0,X,)
X € (X,,+0)

Rayleigh Distribution (for normal waves) :
T T
R(X) =——Xexp| ——X
S5 p( g j
Weibull Distribution (for extreme waves):

W (x) = % (%)“ exp(—(%)ﬂ

Jopx=1 ==

p(x) A

Rayleigh: R(x)

Weibull: W(x)

-
-
-~

] . ¢

O

Parameters &, A, B, and x, are determined from
wave observation data

_E2
e 49

BUILDING STRONGg
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Determining Distribution Parameter from Wave
Observation Data

20

Correction

4,87
5.20
5,52
5.1
5.85
5.95
6. 27

1

Year

~ w o~ ©

//

Return Period (Year)

Fitting

Curve

Density distribution of
wave height is fitted as mixing o
o - - = A Variance: 1.00
distribution of Rayleigh and X |
. . . . N 5 4. 81
Weibull distributions I
R(x)  xe[0,x%,) = oo
p(X) o 6\/\/ ‘g g2.0
(X) Xe (X0,+OO) /R Y
(@l §4.o
% ;%5.0
where x=HH__., O -
inW(x), k=11, A=0.5792, B=2.0554, x, = 2.1 .
[
Hmean = 1.19 m o
Observation data: H=4.0 m wave height for one-year return period é‘g’g

Observation data at Naka Port, Japan, from 1980 to 1996

1

Wave Height (m)

9

10
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Probabilistic Shoreline Change Modeling
In an Idealized Coast: Sensitivity Study

Two Test Cases:

History of Wave Heights

(1) Case 1 (04esn=0.0°)
(2) Case 2 (04pean=5.0°)

Incident <
Q=0 ave Q=0 Z
<> i 2
Groin .
v L _|Groin
Initial Shoreline o s w0 w0 w0 0 w0 a0
P1 X /PZ P3 | _
__. . ._ 10 . I-Ilustory Of. Incudentl Wave Apgle
i #
p 1000m

e Hmean =1.19m

« Beach Slope: 1:100
 Hecout=25m ,
« Data interval: 3 hours A e e me 2w we 3w
« Monte-Carlo Simulations: 256  ,, ..,

= e W =
T Ot — 2. o Il i )
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Wave Direction and Period

Incident Wave Angles: Gaussian Distribution

p(X) e : eXpL_ (X - IZ)Z j 0.15

Verno 20 i S S
o: Standard deviation of wave 0.1 % K
direction = | ] i
u : Mean value of direction oos L / .
Significant Wave Period: based on %hqm
Pierson-Moskowitz Spectrum e s 0 s 0

TS = 5\/H78 O (deg)
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Wave Parameters Generated by Wide Band Spectrum
( Case 1: One Year, 256 Monte Carlo Experiments)

History of Wave Heights 12 History of Wave Period

Wave Height (m)
Wave Period (s)

| 0 I I ! I ! I I
350 4] 50 100 150 200 250 300 350
Day

0] 50 100 150 200 250 300
Day

History of Incident Wave Angle

Hmean = 1.19m

_e « Mean Angle = 0.0 with 02=10

s, - Data Interval = 3.0 hours

: o] RO xelox)

2 -4l X) =

. P W (X) X € (X,,+0)
" 5I0 1|00 15Io Dayznljo 250 350 350 H_Cut = 25 m
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Comparison of Wave Heights by Two Wave Spectra

History of Wave Heights

6 T T

Rayleigh Dis
Rayleigh+Weibull

. — H1=4.0m

.
T

I Big waves

Wave Height (m)
L

Ma

" “|| wm ‘Ii ' ' ' ----=-H cut=2.5m

e Hmean =1.19m

D I I 1 1 I
0 a0 100 150 200 250 300 350

Day
Observation data: 4.0 m wave height for one-year return period
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Changes after 10 Years
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Predictions of Mean Shorel

with Confidence Interval
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Estimation of Maximum Shoreline Erosion in the Future:
Maximum Likelihood Estimation

. Exceedalnce Propability al|1d Weibulll Fittingl Exceedance Probability and Weibull Fitting

10 10
O GenCade-MC O GenCade-MC
Weibull Fitting Weibull Fitting
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03k B: ; B=8.6902; + R,=0.993 , 10 N=256; A=2.176; B=46.956; k=1.; R,=0.9881
= 0 = 0
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Monte Carlo Simulation of Shoreline
Change in Duck, NC

Number of Monte Carlo = 128
Wave Conditions:
Wave Height: Rayleigh+Weibull
Direction: Gaussian
Period: PM Spectrum
Truncated Wave Height: 2.0 m
Computational Period: 6 years
1999/10/23 0:00 - 2005/10/23 0:00
time step = 3 minutes
K1=0.40; K2=0.25
Grain size = 0.20 mm
Berm Height =1.0 m
Closure depth =7.0
Sea Level Rise Rate = 4.55 mm/year
Smooth parameter = 1 (no smoothing)
Boundary Conditions: Pined
o ety \ Grid Size =20 m
- Permeability of Pier = 0.6 (no diffracting)
AR PUES e Scaling parameter of cross-shore transport: 0.182

N LY ’ N
- Db, 7
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Wave Data (2000/1/1 — 2006/1/1)
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Probability Density Functions: 6-Years

Shoreline Change
(a) at A (400-m north from Pier)

c Probability Density Function of Shoreline Change at No.113

(b) at B (40-m south from Pier)

. Probability Density Function of Shoreline Change at No.135

[ Histogram p=21.18m

-]Histogram H= 15.64 m
Normal Distribution 0=0.64m |

=017 m

Normal Distribution

p(dy)
p(dy)

20 20.5 21 21.5 22

225 13.5 14 14.5 15 15.5 16 16.5 17
Shoreline Change (dy) (m)

Shoreline Change (dy) (m)

17.5 18
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Comparison of Mean Shoreline
Position and Changes

Comparison of Shoreline Position after 6 years Comparison of Shoreline Change after 6 Years
200 T T I T 60 T T T T
Mean Shorel!ne PDSWD" W!th ¢ Mean Shoreline Change with o
180 | Mean Shoreline Position without ¢ . Mean Shoreline Change without ¢
E:‘: - g 40 = . -
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S 140 &
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i 40T | ]
60 [ i 1 |
i Pier iPier
40 1 1 1 1 60 I I | I
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(a) Shoreline Positions on 10/19/2005 (b) Shoreline Change on 10/19/2005
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Uncertainty Estimation of Maximum
Erosion at Point C

9.6

3 Exceedance Probability and Weibull Fitting
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Maximum Seaward-most and
Landward-most Shoreline Positions

Maximum Seaward-most and Landward-most Shorelines

180 T T T T - T T T T T
Max. Seaward-most
Max. Landward-most

180 [|—-—-—Awverage Shoreline at 6th year

— 140

120

100

Shoreline Position {m

o
o

G0

. Pier

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Alongshore Distance (m)

The filled area is a spatial range of shoreline variations (from maximum landward-most
position to maximum seaward-most position) during the simulation period of 6 years.
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Remarks

GenCade’s new capabilities (Cross-shore sediment transport, SLR
effect) are important in simulating shoreline evolution. Nonlinearity of
waves plays an important role in driving net cross-shore transport in
nearshore zone.

Inclusion of cross-shore sediment significantly reduced model error
(uncertainty)

GenCade-based Monte-Carlo simulation provides a useful approach to
assess uncertainty of shoreline change driven by waves.

Estimation of extreme shoreline changes provides risk of erosion in a
return-interval manner, which is useful for risk/uncertainty-based coast
design

Further investigation of uncertainties by other factors (model parameters,
boundary conditions, etc) is needed.
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Thank you for your attention!

Yan Ding, Ph.D. Yan.Ding@usace.army.mil

http://cirp.usace.army.mil/products/gencade.php

http://cirp.usace.army.mil/pubs/
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