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ABSTRACT 

A rubble mound structure was constructed in 2011 across the 2 km wide 

channel breached by Hurricane Katrina in 2005.  This breached channel is called 

Katrina Cut in Dauphin Island, Alabama.  The recovery of the eroded beach seaward 

of the closed Katrina Cut was investigated using the numerical model CSHORE and 

available data during 2015-2020.  The dry beach width increased more than 80 m 

seaward of the Katrina Cut structure and decreased up to 37 m on the neighboring 

beach.  The computed longshore sand transport rate was of the order of 105 m3/y and 

smaller on the recovering beach with larger water depth.  The computed onshore sand 

transport rate was sufficient for the observed beach recovery.  The recovering beach 

seaward of the structure reduced the depth-limited breaking wave height and wave 

action on the rubble mound structure during Hurricane Nate in 2017.  This temporary 

structure triggered the recovery of the breached beach and may have become more 

lasting because of the increasing protection by the fronting beach. 
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Chapter 1 

INTRODUCTION 

Barrier islands are common along the coasts in the Gulf of Mexico and provide 

the natural barrier of the mainland coast.  Morphological changes of barrier islands are 

mainly caused by sediment transport under normal daily waves and occasional storm 

surges and waves.  Hurricane Katrina produced a 2 km wide breach through the 

uninhabited beach segment of Dauphin Island, Alabama, in 2005 (Froede 2008).  This 

breached channel called Katrina Cut was closed with a rubble mound structure 

constructed in 2011 (Webb et al. 2011).  Beach recovery occurred seaward of the 

Katrina Cut structure with the visible increase of the dry beach width during 2011 – 

2020 (Gonzalez et al. 2020).  Mickey et al. (2020) devised seven potential restoration 

measures of Dauphin Island and assessed the decadal island evolution of each measure 

in response to various storm and sea-level change scenarios using a long-term longshore 

sediment transport model, a short-term storm impact model, and an empirical dune 

growth model.  Gonzalez et al. (2020) performed the structure response assessment of 

the Katrina Cut structure using a Monte Carlo life-cycle approach.  The water depth in 

front of the structure was found to be important in estimating the breaking wave height.  

Coogan et al. (2019) measured subaerial geomorphic changes on Dauphin Island caused 

by overwash and inundation including regions near the Katrina Cut structure during 

Hurricane Nate in 2017.  Little structure damage to the infrastructure was observed on 
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Dauphin Island.  This study examined the long-term subaqueous sand transport and the 

breached beach recovery seaward of the Katrina Cut structure as well as the effect of 

the recovering beach on the structure stability. 

Prasseri et al. (2018) used a 2DH (two dimensional in the horizontal plane) 

XBeach model (Roelvink et al. 2009) to examine the influence of bed friction variability 

on the morphodynamics of the entire Dauphin Island during Hurricanes Ivan (2004) and 

Katrina (2005) before the construction of the Katrina Cut structure in 2011.  The cross-

shore model CSHORE (Kobayashi 2016) has been compared and verified with many 

small-scale and large-scale laboratory and field data of sand beach evolution and dune 

erosion.  CSHORE is efficient numerically and was used to predict beach erosion and 

recovery along 16 cross-shore lines spanning 5 km alongshore for the duration of 272 

days (Kobayashi and Jung 2012).  CSHORE predicted both erosion and accretion above 

the mean sea level within a factor of about 2.  In this study, the duration is extended to 

2161 days and CSHORE is used to predict beach recovery and erosion seaward of the 

closed Katrina Cut.  

In the following, available field data including beach profiles, offshore wave 

conditions, and tide gauge data are presented in Chapter 2.  

In Chapter 3, CSHORE is used to reproduce the recovery process seaward of the 

closed Katrina Cut under long-term constant waves.  The representative waves based on 

the visual wave observations by Douglass (1994) are selected as incident constant 

waves.  The sensitivity of the computed recovery results to the representative waves is 

discussed in this chapter.  
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In Chapter 4, the beach morphology and the rubble mound structure stability are 

assessed during a short-term major storm, Hurricane Nate.  The model CSHORE can 

predict damage on the rubble mound by wave action. 

Finally, the findings of this study are summarized in Chapter 5. 
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Chapter 2 

AVAILABLE FIELD DATA 

The topography of the closed Katrina Cut from 2015 to 2020 was analyzed using 

five aerial images (Google Earth Pro), as shown in Figure 2.1.  The corresponding 

shoreline contours are depicted in Figure 2.2 in which the end day of each month is 

applied to count the number of days since 1 January 2015.  The Mississippi Sound and 

the Gulf of Mexico are located north and south of Dauphin Island.  The dry beach 

seaward of the closed Katrina Cut became wide.  The net longshore sand transport on 

the beach facing the Gulf of Mexico is to the west (e.g., Douglass 1994).  Available 

beach profile data, visual observations, offshore wave data, and tide gauge data in the 

study area are presented in the following. 

 

2.1 Beach Profile Data 

The cross-shore profiles along lines L1 – L7 of 1 km cross-shore length in Figure 

2.2 were extracted from the 2015 digital elevation model (DEM) with no restoration 

measure released by Mickey et al. (2019).  The shoreline contour of 1 January 2015 in 

Figure 2.2 is in agreement with the 2015 DEM shoreline based on the elevation 𝑧𝑧 = 0 at 

the datum of NAVD88 (the North American Vertical Datum of 1988).  Consequently, 

the shoreline contours of 1 January 2015 and the other four days in Figure 2.2 are 

assumed to be located at the elevation 𝑧𝑧 = 0 (NAVD88) in this study.  The tide effect 

on the shoreline location is neglected for this micro-tidal beach with a mean tidal range 
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of 0.36 m (NOAA 2021a).  The foreshore slopes along L1 – L7 were steeper[ than 1/15 

(vertical/horizontal).  The error of the shoreline location must be less than about 5 m.  

The alongshore distance between the two adjacent lines is 501.4 m. 

 

 

 
Figure 2.1     Google photos of Katrina Cut in Dauphin Island, AL from 2015 to 2020 
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Figure 2.2     Shoreline contours in the vicinity of closed Katrina Cut in Dauphin 

Island, Alabama between the Gulf of Mexico and the Mississippi Sound 
from 2015 to 2020 and seven cross-shore lines (L1 – L7) oriented 16° 
counterclockwise from the north where the length of each line is 1 km 
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Figures 2.3 – 2.4 depict the cross-shore profiles along lines L1 – L7.  The onshore 

coordinate 𝑥𝑥 is taken as 𝑥𝑥 = 0 at the seaward boundary in the water depth of about 6 m.  

The landward boundary of 𝑥𝑥 = 1,000 m is located north of the Katrina Cut structure in 

the water depth of about 2 m.  The alongshore coordinate is positive toward the west.  

The cross-shore profiles along the center lines L3 – L6 have a narrow dry beach width 

and a small amount of sand deposited seaward of the rubble mound structure, especially 

the middle line L4.  However, the beach profiles along the edge lines L1, L2, and L7 

have a wider dry beach width.   

The shoreline contours facing the Gulf of Mexico in Figure 2.2 are used to quantify 

the recovery of the eroded beach along L1 – L7.  The seaward displacement Δ𝑥𝑥 of the 

shoreline from the shoreline location on 1 January 2015 is obtained as a function of the 

number of days since 1 January 2015 and tabulated in Table 2.1.  Δ𝑥𝑥 is positive for 

shoreline accretion and negative for shoreline erosion.  The dry beach width increased 

up to 83 m in front of the Katrina Cut structure (L2 – L6) and decreased up to 37 m at 

the edges (L1 and L7) during 2015-2020.   

 

Table 2.1     Seaward shoreline displacement x∆  as a function of days since 1 
January 2015 for lines L1 – L7 

Date Number 
of Days 

Seaward Shoreline Displacement Δx (m) 
L1 L2 L3 L4 L5 L6 L7 

1 January 2015 0 0 0 0 0 0 0 0 
31 December 2016 731 -14 26 25 61 18 9 -16 
30 November 2017 1065 -14 4 43 57 34 11 -21 
30 November 2019 1795 -4 17 35 73 36 13 -21 
30 November 2020 2161 -3 29 53 83 56 23 -37 
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Figure 2.3     Bottom elevations along cross-shore lines L1, L2, L3, and L4 
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Figure 2.4     Bottom elevations along cross-shore lines L5, L6, and L7 
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2.2 Visual Wave Observations 

Douglass (1994) performed visual wave observations and beach profile surveys 

during 1990 – 1991 to investigate beach erosion and accretion as well as sediment 

transport paths along the Gulf of Mexico beaches of Dauphin Island.  The sand is well 

sorted near the Katrina Cut and the median diameter is approximately 0.37 mm.  The 

net longshore sand transport is to the west.  The annual longshore sand transport rate is 

of the order of 105 m3 per year.  The monthly mean wave heights, periods, and angles 

near the Katrina Cut are in the range of 0.4 – 0.8 m, 6 – 10 s, and 5 – 15°, respectively, 

where the wave angle is positive counterclockwise from the cross-shore line in Figure 

2.2.  The positive wave angle results in positive longshore current and sand transport to 

the west.  The average values of the monthly mean wave height, period, and angle are 

about 0.6 m, 8 s, and 10°, respectively.  These average values will be selected to 

represent constantly incident wave conditions for the computation of eroded beach 

recovery during 2015 – 2020 in Chapter 3. 

 

2.3 Tide Gauge Data and Offshore Wave Data 

Tide gauge data at Dauphin Island (Tide Station 8735180 in Figure 2.5) are 

available from the Center for Operational Oceanographic Products and Services at 

National Oceanic and Atmospheric Administration (NOAA 2021a).  This tide station is 

located 13 km east of the study site.  The mean high water, mean sea level, and mean 

low water based on the datum of NAVD88 are 0.207 m, 0.016 m, and -0.154 m, 

respectively.  The water level data were collected at a sampling rate of 0.1 h.   

Offshore wave data was obtained from the National Data Buoy Center of NOAA 

(NOAA 2021b).  The wave gauge (NDBC Buoy Station 42012 in Figure 2.5) was 
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located in the depth of 23.5 m off the coast of Orange Beach, AL (57 km east of the 

study site).  The data was available during 1983 – 1984 and after 2009 with the sampling 

rate of 1 h.  The average values during 2015 – 2020 of the root-mean-square wave height 

𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟, the spectral peak period 𝑇𝑇𝑝𝑝, and the peak spectral wave direction 𝜃𝜃 were 0.57 m, 

5.4 s, and 6.2°, respectively.  Major storm events since 2005 are tabulated in Table 2.2 

together with the peak still-water elevation.  The tide gauge data and wave data are used 

in the computation for Hurricane Nate in 2017 with the highest peak still-water level 

since 2009.                    

 

 

 

 
Figure 2.5     Locations of tide gauge and wave gauge near the study site 
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Table 2.2     Hurricanes with landfall date and peak water level recorded by tide 
gauge on Dauphin Island, Alabama 

Hurricane  Landfall Date Peak Water Level (m) 

Katrina 29 August 2005 1.75 

Ida 10 November 2009 0.99 

Isaac 29 August 2012 1.14 

Nate 8 October 2017 1.17 

Sally 15 September 2020 1.10 

Zeta 29 October 2020 0.94 
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Chapter 3 

COMPUTATION OF ERODED BEACH RECOVERY 

The dry beach width seaward of the rubble mound structure increased during 

2015 – 2020 (Figures 2.1 and 2.2).  The cross-shore numerical model CSHORE 

(Kobayashi 2016) is used to predict the process of the observed beach recovery.  In this 

chapter, input to CSHORE for seven cross-shore line profiles is summarized.  The 

computed seaward shoreline displacements are compared with the available measured 

data. 

3.1 CSHORE Input  

The shoreline measurement dates are tabulated in Table 3.1.  The dates of 31 

December 2015 and 30 November 2018 are added to output the annual shoreline 

variation.  For brevity, use is made of 𝑡𝑡0 = 0, 𝑡𝑡1 = 365 d, 𝑡𝑡2 = 731 d, 𝑡𝑡3 = 1065 d, 𝑡𝑡4 = 

1430 d, 𝑡𝑡5 = 1795 d, and 𝑡𝑡6 = 2161 d.  The initial beach profiles are extracted from the 

2015 DEM data (Mickey et al. 2019) along the seven cross-shore lines (L1 – L7), as 

shown in Figures 2.3 and 2.4.  In this recovery computation, the buried rubble mound 

in 2015 is neglected because of the expected increase of the dry beach width.   

The time series of 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟, 𝑇𝑇𝑝𝑝, and 𝜃𝜃 need to be specified at the seaward boundary 

in the water depth of about 6 m.  For this initial attempt to reproduce the long-term 

shoreline recovery, constant representative waves are assumed and taken as 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 0.6 

m, 𝑇𝑇𝑝𝑝 = 8 s, and 𝜃𝜃 = 10° based on the visual observations by Douglass (1994).  The 

sensitivity of the computed shoreline recovery to the assumed waves is presented in 
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Section 3.4.  The still water level is assumed zero (NAVD88) for this micro-tidal beach.  

It is noted that the use of constant water level and waves reduces numerical difficulties.   

The median sand diameter is 0.37 mm.  The specific gravity, porosity, and fall 

velocity of the sand are taken as 2.6, 0.4, and 0.051 m/s, respectively.  The cross-shore 

nodal spacing is 2 m.  The input parameters are taken as the standard values used in the 

previous beach erosion and recovery computations by Kobayashi and Jung (2012) who 

calibrated the bed load parameter 𝐵𝐵 = 0.001 or 0.002.  The computation time was 20 

minutes for the computed duration of almost six years for each cross-shore line.  The 

numerical efficiency of CSHORE allows a number of calibration and sensitivity 

computations. 

 

Table 3.1     Dates of shoreline measurement and computation 

Time Date Number of Days 

𝑡𝑡0 1 January 2015 0 

𝑡𝑡1 31 December 2015 365 

𝑡𝑡2 31 December 2016 731 

𝑡𝑡3 30 November 2017 1065 

𝑡𝑡4 30 November 2018 1430 

𝑡𝑡5 30 November 2019 1795 

𝑡𝑡6 30 November 2020 2161 
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3.2 Seaward Shoreline Displacement 

The computed seaward shoreline displacement Δ𝑥𝑥  using 𝐵𝐵  = 0.001 and 𝐵𝐵  = 

0.002 are shown as a function of the number of days for lines L1 – L7 under the 

assumption of alongshore uniformity (IQYDY=0) in Figure 3.1.  The seaward shoreline 

displacement Δ𝑥𝑥 is relative to the shoreline on 1 January 2015.  Δ𝑥𝑥 is positive (negative) 

for shoreline accretion (erosion).  The decrease of the bed load parameter 𝐵𝐵 reduces 

onshore sand transport and the seaward shoreline displacement.  CSHORE predicts 

onshore bed load transport and offshore suspended load transport.  The bed load 

transport rate is proportional to the value of 𝐵𝐵.  Figure 3.1 indicates the importance of 

onshore bed load transport for beach recovery.  In the following, 𝐵𝐵 = 0.001 is adopted 

to reproduce the measured shoreline displacement and reduce small numerical 

fluctuations. 

 
Figure 3.1     Computed seaward shoreline displacement Δx (m) as a function of the 

number of days since 1 January 2015 (Table 3.1) for lines L1 – L7 with 
x∆  = 0 on zero day for bed load parameter B  = 0.001 and 0.002 



 16 

The computed shoreline displacements for IQYDY=0 in Figure 3.1 do not 

consider longshore sand transport gradient among L1 – L7.  Zhu and Kobayashi (2021a) 

approximated the alongshore gradient of the longshore sediment transport rate per unit 

width, 𝑞𝑞𝑦𝑦 , using the computed 𝑞𝑞𝑦𝑦  on the given cross-shore line divided by the 

equivalent alongshore distance 𝑦𝑦𝑒𝑒, which was calibrated to account for alongshore sand 

loss or gain on the same cross-shore line.  The computation for alongshore variability is 

denoted by IQYDY=1 which requires the input of 𝑦𝑦𝑒𝑒 .  The equivalent alongshore 

distance 𝑦𝑦𝑒𝑒 may be related to Katrina Cut width of about 2 km.  The calibrated value is 

𝑦𝑦𝑒𝑒 = 1,000 m to mimic the alongshore variability of Δ𝑥𝑥 among L1 – L7.  The computed 

seaward shoreline displacements for IQYDY=0 and 1 at time 𝑡𝑡 = 𝑡𝑡0 – 𝑡𝑡6 are compared 

with the measured shoreline displacement at time 𝑡𝑡 = 𝑡𝑡0, 𝑡𝑡2, 𝑡𝑡3, 𝑡𝑡5, and 𝑡𝑡6 for lines L1 

– L7 in Figure 3.2.  The computed Δ𝑥𝑥 for IQYDY=0 and 𝐵𝐵= 0.001 is too large except 

for L4 in the middle of the Katrina Cut.  The computed Δ𝑥𝑥 for IQYDY=1 with the 

calibrated 𝑦𝑦𝑒𝑒  is similar to the measured Δ𝑥𝑥, implying the shoreline recovery due to 

onshore sand transport and net longshore sand transport toward L3, L4, and L5 with the 

measured Δ𝑥𝑥 exceeding 50 m after 2161 days.  However, detailed horizontal sediment 

transport processes are not computed by the cross-shore model CSHORE with the 

calibrated 𝑦𝑦𝑒𝑒.  

Figure 3.3 shows the initial profile and computed profiles for IQYDY=0 and 1 

as well as the measured shoreline location (cross) at end time 𝑡𝑡 = 𝑡𝑡6 for L1 – L7.  The 

shoreline location is predicted better after the inclusion of the longshore sand transport 

gradient.  The initial profiles in 2015 for L3, L4, and L5 included a terrace near the 

elevation of -2 m.  This terrace may have been the remnant bottom of the channel 

breached by Hurricane Katrina in 2005 and is predicted to migrate landward under the 
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computed onshore sand transport.  Figure 3.3 may indicate the importance of onshore 

sand transport for the recovery but no subaqueous profile data are available after 2015.  

The computed step is located at the seaward edge of irregular wave breaking under the 

assumed constant water level and waves.  This step may be artificial.  Sand transported 

landward of the step is mostly deposited and shifts the shoreline seaward for L3 – L 5. 

Sand transported toward the shoreline along L1, L2, L6, and L7 is removed by longshore 

sand transport for the case of IQYDY=1. 

The computed onshore sand transport volume (including void) per unit width at 

the seaward boundary 𝑥𝑥 = 0 (Figure 3.3) since 1 January 2015 are tabulated in Table 3.2 

for IQYDY=0 and in Table 3.3 for IQYDY=1 and 𝑦𝑦𝑒𝑒 = 1,000 m.  The annual onshore 

sand transport volume is about 10 m2/y at 𝑥𝑥 = 0 and zero at the landward boundary 𝑥𝑥 = 

1,000 m.  The computed rate at 𝑥𝑥 = 0 is of the same order of magnitude as the computed 

rate by Kobayashi and Jung (2012) on Rehoboth and Dewey beaches in Delaware. 
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Figure 3.2     Computed shoreline displacement x∆  (m) for alongshore uniform case 

(IQYDY=0) and alongshore gradient case (IQYDY=1 and 𝑦𝑦𝑒𝑒 = 1,000 m) 
at time 0 6t t t= −  for lines L1 – L7 as well as measured shoreline 
displacement at time 0t t= , 2t , 3t , 5t , and 6t  (Table 3.1) 
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Figure 3.3     Initial and computed (IQYDY=0 and 1) profiles as well as measured 

shoreline location (×) at end time 6t t=  for lines L1 – L7 
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Table 3.2     Computed onshore sand tansport volumes (including void) per unit 
width at the seaward boundary x  = 0 since 1 January 2015 for lines L1 
– L7 where IQYDY=0 and B = 0.001 

Time Number 
of Days 

Onshore sand transport volumes (m³/m) 
L1 L2 L3 L4 L5 L6 L7 

𝑡𝑡1 365 10.2 7.7 7.4 6.7 6.2 5.9 5.6 
𝑡𝑡2 731 20.4 15.5 14.8 13.4 12.4 11.7 11.2 
𝑡𝑡3 1065 29.7 22.6 21.6 19.5 18.1 17.1 16.3 
𝑡𝑡4 1430 39.8 30.3 29.0 26.1 24.3 22.9 21.9 
𝑡𝑡5 1795 50.0 38.1 36.4 32.8 30.5 28.8 27.5 
𝑡𝑡6 2161 60.1 45.9 43.8 39.5 36.7 34.7 33.1 

 

 

Table 3.3     Computed onshore sand tansport volumes (including void) per unit 
width at the seaward boundary x  = 0 since 1 January 2015 for lines L1 
– L7 where IQYDY=1 and B = 0.001 

Time Number 
of Days 

Onshore sand transport volumes (m³/m) 
L1 L2 L3 L4 L5 L6 L7 

𝑡𝑡1 365 10.2 7.7 7.4 6.7 6.2 5.9 5.6 
𝑡𝑡2 731 20.4 15.5 14.8 13.4 12.4 11.7 11.2 
𝑡𝑡3 1065 29.7 22.6 21.6 19.5 18.1 17.1 16.3 
𝑡𝑡4 1430 39.8 30.3 29.0 26.1 24.3 22.9 21.9 
𝑡𝑡5 1795 50.0 38.1 36.4 32.8 30.5 28.8 27.5 
𝑡𝑡6 2161 60.2 45.9 43.8 39.5 36.7 34.7 33.1 
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3.3 Longshore Sand Transport Rate 

The annual longshore sand (including void) transport rate 𝑄𝑄𝑦𝑦  ( m3 /y) is 

computed for each cross-shore line as shown in Figure 3.4.  The cumulative longshore 

sand transport volume is obtained by integrating the longshore sand transport rate 𝑞𝑞𝑦𝑦 

from time 𝑡𝑡 =  0 to arbitrary 𝑡𝑡  and from 𝑥𝑥 =  0 to 𝑥𝑥 =  1,000 m.  The computed 

cumulative volume as a function of time 𝑡𝑡 is divided by the duration 𝑡𝑡 and converted to 

the annual rate 𝑄𝑄𝑦𝑦 which may be compared with the annual rate of the order of 105 

m3/y estimated by Douglass (1994).  The temporal variation of 𝑄𝑄𝑦𝑦 under constant water 

level and waves is related to computed beach profile evolution which is smaller along 

the edge lines L1 and L7 and larger along the center lines L3, L4, and L5.  The computed 

𝑄𝑄𝑦𝑦 may approach constant when the eroded beach recovers fully. 

 

Figure 3.4     Longshore sand transport rate yQ  of the order of 510  ( 3m /y ) at time 

1 6t t t= −  using computed cumulative longshore sand transport volume 
(including void) in the computation domain of x  = 0 – 1,000 m    
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3.4 Sensitivity of Computed Recovery to Representative Waves 

The gross simplification of the representative waves for the shoreline recovery 

may be tolerable if the computed recovery is not very sensitive to the assumed constant 

waves.  The computed results so far are limited to the incident waves represented by 

𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 0.6 m, 𝑇𝑇𝑝𝑝 = 8 s, and 𝜃𝜃 = 10°.  The monthly average wave conditions near the 

study site presented by Douglass (1994) suggest the wave heights, periods, and angles 

in the ranges of 0.4 – 0.8 m, 6 – 10 s, and 5° – 15°, respectively.  In the following, the 

computed shoreline displacements for three different values of 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 , 𝑇𝑇𝑝𝑝 , and 𝜃𝜃  are 

presented one by one.  The sensitivity to the representative sediment diameter is 

discussed at the end.  The computed shoreline displacements are limited to IQYDY=1 

with 𝑦𝑦𝑒𝑒 = 1,000 m. 

 

3.4.1 Sensitivity to wave height  

The sensitivity to the root-mean-square wave height 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 0.4, 0.6, and 0.8 m 

for 𝑇𝑇𝑝𝑝 = 8 s and 𝜃𝜃 = 10° is shown in Figure 3.5.  The representative wave height 

𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 0.6 m does not give the best agreement of all the seven lines.  The agreement 

for L7 is the best for 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 0.8 m.  The agreement for L5 is slightly better for 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 

0.4 m.  The computed shoreline displacement is accretional (positive) and roughly 

similar for 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 0.4 and 0.6 m but can become erosional (negative) for 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 0.8 

m.  The larger 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟  at the seaward boundary 𝑥𝑥 = 0 increases the irregular breaking 

wave height, suspended sand volume per unit bottom area, and offshore suspended sand 

transport by undertow current in the surf zone (e.g., Kobayashi 2016).  The accretional 

and erosional trends on this beach with the median sand diameter 𝑑𝑑50 = 0.37 mm are 

similar to those on the beaches in Delaware with 𝑑𝑑50 =  0.33 mm computed by 
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Kobayashi and Jung (2012).  The average value of 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 was 0.59 m for the accretional 

period of 221 days and 0.81 m for the erosional period of 51 days.  

 

 

 

Figure 3.5     Computed shoreline displacement x∆  (m) for root-mean-square wave 
height rmsH  = 0.4, 0.6, and 0.8 m at time 0 6t t t= −  for lines L1 – L7 as 

well as measured shoreline displacement where pT  = 8 s, θ  = 10°, and 
IQYDY=1 
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3.4.2 Sensitivity to wave period 

Figure 3.6 depicts the sensitivity to the spectral peak period 𝑇𝑇𝑝𝑝 = 6, 8, and 10 s 

for 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 0.6 m and 𝜃𝜃 = 10°.  The ranges of the computed values of Δ𝑥𝑥 for the seven 

cross-shore lines (L1-L7) in Figure 3.6 are less than the corresponding ranges in Figure 

3.5.  The computed shoreline displacement is not very sensitive to the representative 

wave period 𝑇𝑇𝑝𝑝.  No single value of 𝑇𝑇𝑝𝑝 gives the best agreement for all the seven lines. 

 

 

 

Figure 3.6     Computed shoreline displacement x∆  (m) for spectral peak period pT  = 
6, 8, and 10 s at time 0 6t t t= −  for lines L1 – L7 as well as measured 
shoreline displacement where rmsH  = 0.6 m, θ  = 10°, and IQYDY=1 
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3.4.3 Sensitivity to wave angle 

Figure 3.7 shows the sensitivity to the peak spectral wave direction 𝜃𝜃 = 5°, 10°, 

and 15° for 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 =  0.6 m and 𝑇𝑇𝑝𝑝 =  8 s.  The accretional shoreline displacement 

decreases with the increase of the wave angle 𝜃𝜃 because the longshore sand transport 

rate 𝑞𝑞𝑦𝑦 increases with the increase of 𝜃𝜃.  For the case of IQYDY=1 with the alongshore 

gradient of 𝑞𝑞𝑦𝑦, the equivalent alongshore distance 𝑦𝑦𝑒𝑒 has been calibrated as 𝑦𝑦𝑒𝑒 = 1,000 

m.  The local bottom elevation change with time is determined by the cross-shore 

gradient of the cross-shore sediment transport rate 𝑞𝑞𝑥𝑥 and the longshore gradient of 𝑞𝑞𝑦𝑦 

which was approximated as 𝑞𝑞𝑦𝑦/𝑦𝑦𝑒𝑒 .  This implies that the increase of 𝑞𝑞𝑦𝑦  can be 

compensated by the increase of 𝑦𝑦𝑒𝑒.   The calibrated value of 𝑦𝑦𝑒𝑒 = 1,000 m is specifically 

for the representative waves of 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 0.6 m, 𝑇𝑇𝑝𝑝 = 8 s, and 𝜃𝜃 = 10°.   

 
Figure 3.7     Computed shoreline displacement x∆  (m) for peak spectral wave 

direction θ  = 5°, 10°, and 15° at time 0 6t t t= −  for lines L1 – L7 as well 

as measured shoreline displacement where rmsH  = 0.6 m, pT  = 8 s, and 
IQYDY=1 
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The sensitivity of the longshore sand transport rate 𝑄𝑄𝑦𝑦 plotted in Figure 3.4 is 

also examined for L4, as indicated in Figure 3.8.  The effect of 𝑇𝑇𝑝𝑝 on 𝑄𝑄𝑦𝑦 is relatively 

small, as in Figure 3.6.  The computed 𝑄𝑄𝑦𝑦 increases with the increase of 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 and 𝜃𝜃 as 

expected from the Coastal Engineering Research Center (CERC) formula (USACE 

2003).  Figures 3.5 – 3.7 suggest that the uncertainties associated with the representative 

waves may produce 100% uncertainty of the computed shoreline displacement which is 

comparable with the 100% error of the sediment transport model in CSHORE 

(Kobayashi 2016).  The use of representative waves is convenient for field sites with 

limited wave data. 

 

 

Figure 3.8     Longshore sand transport rate yQ  of the order of 510  ( 3m /y ) at time 

1 6t t t= −  for L4 where (A) rmsH  = 0.4, 0.6, and 0.8 m; (B) pT  = 6, 8, and 

10 s; (C) θ  = 5°, 10°, and 15°  
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3.4.4 Sensitivity to sediment diameter 

The sediment diameter 𝑑𝑑50 is 0.37 mm in the vicinity of the Katrina Cut and in 

the range of 0.28 – 0.43 mm on the beaches east of the Katrina Cut (Douglass 1994).  

Figure 3.9 shows the sensitivity to 𝑑𝑑50 = 0.28, 0.37, and 0.43 mm for 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 0.6 m, 𝑇𝑇𝑝𝑝 

= 8 s, and 𝜃𝜃 = 10°.  The estimated fall velocities for the sand with 𝑑𝑑50 = 0.28, 0.37, and 

0.43 mm are 0.036, 0.051, and 0.062 m/s, respectively.  The computed accretional 

shoreline displacement Δ𝑥𝑥 decreases with the decrease of the sand diameter 𝑑𝑑50 except 

for L5 and 𝑑𝑑50 = 0.43 mm at time 𝑡𝑡 = 𝑡𝑡2 and 𝑡𝑡3 (see Table 3.1) because of the increase 

of suspended sand volume and offshore suspended sand transport.  For 𝑑𝑑50 = 0.28 mm, 

the values of Δ𝑥𝑥 became negative (erosional) except for L4 with its initial shoreline on 

the rubble mound.  The seaward shoreline displacement for L4 and 𝑑𝑑50 = 0.28 mm was 

zero because the rubble mound structure was not eroded.  These sensitivity 

computations start from the initial profiles of L1 – L7 in 2015 for 𝑑𝑑50 = 0.37 mm. The 

initial profiles for 𝑑𝑑50 = 0.28 and 0.43 mm could be different. Nevertheless, Figure 3.9 

indicates the importance of the sand diameter for the recovery of the eroded beach.  
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Figure 3.9     Computed shoreline displacement x∆  (m) for sediment diameter 50d  = 
0.28, 0.37, and 0.43 mm at time 0 6t t t= −  for lines L1 – L7 as well as 

measured shoreline displacement where rmsH  = 0.6 m, pT  = 8 s, and 
IQYDY=1 
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Chapter 4 

COMPUTATION FOR HURRICANE NATE 

In this chapter, the effect of the beach width on the Katrina Cut rubble mound 

structure during major storms is assessed for line L4 with the largest recovery of 83 m 

depicted in Figure 3.3.  Computations were made for Hurricane Nate in 2017 with the 

highest peak still-water level since 2009 (Table 2.2) and a hypothetical storm to 

reproduce the still water level of Hurricane Katrina in 2015. 

4.1 Computation Domain and CSHORE Input 

The wave gauge located 57 km east of L4 is used to estimate the offshore waves 

in the water depth of 23.5 m.  The computation domain of 𝑥𝑥 = 0 – 1,000 m in Figure 

2.3 is extended offshore by 5,100 m using a bottom slope of 1/300 (vertical/horizontal).  

The new computation domain of 𝑥𝑥 = 0 – 6,100 m starts from the water depth of 23.5 m 

at 𝑥𝑥 = 0.  The computed results near the Katrina Cut structure are essentially the same 

for the domain extended using the slope of 1/150 – 1/300.  The tide gauge located 13 

km east of L4 is used to estimate the still water level.  The waves near the shoreline are 

limited by depth-limited wave breaking.  The time series of the still-water elevation, 

root-mean-square wave height 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟, spectral peak period 𝑇𝑇𝑝𝑝, and wave angle 𝜃𝜃 shown 

in Figure 4.1 are used as the seaward boundary conditions for line L4.  The 72-h hourly 

time series started from 7 October 2017, one day before the landfall date of Hurricane 

Nate in Table 2.2.  The time of the peak still-water level is indicated by a vertical line 

in Figure 4.1.  The computed results for IQYDY=0 and 1 were found to be almost the 
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same but the value of 𝑦𝑦𝑒𝑒 is uncertain for Hurricane Nate.  The computed results for 

IQYDY=0 (no 𝑦𝑦𝑒𝑒) are presented in the following. 

 
Figure 4.1     3-day time series of still-water elevation at tide gauge and the wave 

height rmsH , peak period pT , and angle θ  at wave gauge during 
Hurricane Nate where the water level peaked on 8 October 2017 (Table 
2.2) 
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4.2 Beach Profile Evolution 

The rubble mound structure with the seaward and landward slopes of 1/2 

(vertical/horizontal) described by Gonzalez et al. (2020) is incorporated in the cross-

shore beach profile along line L4 because the structure can be exposed to wave action 

during Hurricane Nate.  The crest and base widths of the rubble mound are 6.1 m and 

22 m, respectively.  The crest and toe elevations (NAVD88) are 2 m and -2 m, 

respectively.  The nominal diameter, density, and porosity of the rock are 0.55 m, 2.6 

g/cm3, and 0.44, respectively.  Four initial profiles along line L4 were investigated to 

examine the effect of recovering beach conditions on the rubble mound: (A) the 

hypothetical profile in 2011; (B) the surveyed profile in 2015; (C) the computed profile 

in 2017; and (D) the computed profile in 2020.   

 
Figure 4.2     Initial profiles (A: hypothetical profile in 2011 after the rubble mound 

construction; B: measured profile in 2015; C: computed profile in 2017; 
D: computed profile in 2020) and computed final eroded profiles at the end 
of Hurricane Nate where the grey trapezoid indicates the rubble mound 
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The hypothetical profile in 2011 refers to the breached beach profile just after 

the structure construction obtained by removing sand above -2 m of the surveyed profile 

in 2015.  The computed profiles are stored during the recovery simulation to obtain the 

2017 profile on the starting day of Hurricane Nate and the 2020 profile at the end time 

𝑡𝑡6 (Figure 3.3).  The initial and final profiles at time 𝑡𝑡 = 72 h of discernible profile 

change in the zone of 𝑥𝑥 = 5550-5900 m are presented in Figure 4.2 where the grey 

trapezoidal part is the cross-section of the rubble mound structure.  The rock units are 

assumed to be stationary in this simulation of the beach profile change (Kobayashi and 

Kim 2017).  No sand was present inside the 2011 rubble mound (A), whereas sand was 

assumed to cover the entire rubble mound in 2015 (B), 2017 (C), and 2020 (D).  The 

2011 profile mimicking the breached beach is predicted to be stable during the hurricane.  

Visible erosion is computed on the sand covered slope of the 2015 rubble mound.  The 

eroded sand is predicted to be deposited on the fronting beach at the elevation near -2 

m.  For the 2017 and 2020 profiles with the recovered dry beach, the artificial step 

created by the representative waves is predicted to be eroded during the hurricane. 

The root-mean-square wave height 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟  was obtained by multiplying the 

computed free-surface standard deviation 𝜎𝜎𝜂𝜂  by 2√2.  The computed 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟  for four 

profiles in the range of 𝑥𝑥 = 5,100 – 5,900 m at time 𝑡𝑡 = 24, 48, and 72 h are shown in 

Figure 4.3.  Wave height decreased sharply at 𝑥𝑥 ≈ 5,840 m because wave breaking on 

the rubble mound structure.  The wide dry beach between 𝑥𝑥 = 5,650 – 5,840 m in 2017 

(C) and 2020 (D) profiles reduced the wave height gradually in front of the rubble 

mound structure.  
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Figure 4.3     Computed root-mean-square wave height rmsH  at time t  = 24, 48, and 72 
h for four initial profiles during Hurricane Nate  



 34 

4.3 Damage Progression 

Damage progression of a rubble mound structure during storms needs to be 

predicted for the structure design (Melby and Kobayashi 2011).  The experiment by Zhu 

and Kobayashi (2021b) indicated little protection of a sand mound by a destroyed rock 

cover.  The rubble mound deformation during Hurricane Nate is computed for the fixed 

initial beach profiles in Figure 4.2.  CSHORE cannot compute sand and rock movement 

simultaneously.  No sand is assumed to exist inside the rubble mound above the fronting 

sand beach elevation so that armor rock units are exposed to direct wave action.   

Damage is defined as 𝑆𝑆 = 𝐴𝐴𝑒𝑒/(𝐷𝐷𝑛𝑛50)2  where 𝐴𝐴𝑒𝑒  is the eroded armor area 

computed by CSHORE and 𝐷𝐷𝑛𝑛50 is the nominal rock diameter of 0.55 m.  The input 

critical stability number 𝑁𝑁𝑐𝑐 is taken as 0.7 and 0.1 for careful and casual rock placement, 

respectively (Kobayashi et al. 2010; Yuksel and Kobayashi 2021).  The temporal 

variations of the computed damage progression for the four cases in Figure 4.2 during 

Hurricane Nate are plotted in Figure 4.4.  The reduction of 𝑁𝑁𝑐𝑐 from 0.7 to 0.1 causes 

increased damage for the 2011 and 2015 initial profiles (A and B).  The 2016 visual 

observations by Gonzalez et al. (2020) suggested causal rock placement on this 

temporary structure.  Damage progression is continuous for the most exposed case A in 

2011 where the computed value of 3 for 𝑁𝑁𝑐𝑐 = 0.1 at end time 𝑡𝑡 = 72 h indicates cross-

sectional damage of 3 rock units for the width of one rock diameter.  For the less exposed 

case B in 2015, damage is computed to occur for seven hours near the peak still-water 

level at time 𝑡𝑡 = 24 h (Figure 4.1).   For the 2017 and 2020 profiles with the fronting 

dry beach, the computed damage is practically zero even for 𝑁𝑁𝑐𝑐 =  0.1.  This is 

consistent with little structure damage to the infrastructure observed after Hurricane 

Nate in 2017 (Coogan et al. 2019).  The computed damage differences are related to the 

fronting beach elevations of -2.0 m, -1.5 m, 1.0 m, and 1.0 m in the 2011, 2015, 2017, 
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and 2020 profiles, respectively.  The importance of the fronting beach elevation in 

reducing depth-limited breaking wave heights was stated by Gonzalez et al. (2020). 

 

 

 
Figure 4.4     Computed damage of exposed armor rock layer above fronting sand 

beach during Hurricane Nate for critical stability number cN  = 0.7 and 
0.1 corresponding to careful and casual rock placement, respectively, 
where the computed damage is almost the same for cases C and D  

 

 



 36 

4.4 Hypothetical Storm NatePlus (Nate + 0.58 m) 

Kobayashi and Zhu (2017) created a hypothetical Hurricane SandyPlus by 

increasing still water level to mimic the still water level of a 500-year storm and 

predicted the impact of wave overtopping of a barrier beach.  In this study, computation 

was also made for a hypothetical storm, named NatePlus.  The still water level in Figure 

4.1 was increased by 0.58 m for the entire 72-h duration to produce the peak water level 

of 1.75 m of Hurricane Katrina (Table 2.2), which caused the Katrina Cut.  The offshore 

wave conditions and four initial profiles are kept the same.   

The computed profiles and damage progression for Hurricane NatePlus are 

compared with those of Hurricane Nate.  Figure 4.5 shows the initial and computed final 

profiles at the end of Hurricane Nate and Hurricane NatePlus.  The computed profile 

changes during Hurricane NatePlus increase somewhat in the vicinity of the rubble 

mound in comparison to those during Hurricane Nate.  The computed damage for the 

2011 and 2015 profiles is larger but the damage increment is less than about 1.2 (Figure 

4.6).  The computed damage for the 2017 and 2020 profiles remains small and is less 

than about 0.2.  The water level increase of 0.58 m is predicted to increase the beach 

erosion and armor damage but the predicted increase is relatively minor, perhaps 

because of the Katrina Cut structure constructed in 2011 after Hurricane Katrina in 2005. 
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Figure 4.5     Initial and computed final eroded profiles at the end of Hurricane Nate and 

Hurricane NatePlus where the grey trapezoid indicates the rubble mound 
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Figure 4.6     Computed damage of exposed armor rock layer above fronting sand 

beach during Hurricane NatePlus for critical stability number cN  = 0.7 
and 0.1 
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Chapter 5 

CONCLUSIONS 

The rubble mound structure constructed in 2011 to close the channel in Dauphin 

Island breached by Hurricane Katrina in 2005 was investigated along seven cross-shore 

lines during 2015-2020 (almost six years) using the numerical model CSHORE.  

Constant representative waves are proposed to reproduce the recovering dry beach 

width seaward of the rubble mound structure.  Onshore sand transport on the breached 

beach restores the dry beach width and longshore sand transport moves sand toward the 

breached channel.  However, detailed horizontal sediment transport processes are not 

computed.  The annual longshore sand transport rate is computed to be of the order of 

105 m3 per year.  The longshore sand transport rate is smaller in the middle of the 

breached channel because of the narrower surf zone on the lower beach elevation.  The 

sensitivity of the beach recovery to the assumed representative waves is examined to 

quantify the expected error of this convenient engineering approach.  The estimated 

error of 100% is similar to the error of the sediment transport model in CSHORE.  

Furthermore, the recovery of the eroded beach is sensitive to the sand diameter. 

The long-term recovery computation did not include the rubble mound structure 

and storm conditions.  The beach profile changes and the rubble mound damage during 

Hurricane Nate lasting 3 days were computed for the cross-shore line of the largest 

recovery.  The survey profile in 2015 and three possible profiles in 2011, 2017, and 

2020 were used as the initial profiles.  The erosional profile changes during the stormy 

3 days were much smaller than the accretional profile changes under the constant waves 
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lasting almost six years.  The computed armor layer damage during Hurricane Nate in 

2017 was negligibly small for the 2017 and 2020 beach profiles with the recovering 

wide beach.  The computed damage became noticeable for the 2015 profile with a 

narrow dry beach and exceeded 3 for the hypothetical 2011 profile just after the rubble 

mound construction.  The construction of the Katrina Cut structure initiated natural 

recovery processes of sand transport.  In return, the recovering beach dissipates storm 

waves and reduces wave action on the structure. 
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