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ABSTRACT
Hurricane-induced coastal soil erosion is a continuing problem that impacts coastal
communities. Very little has been done to quantify and record coastal soil erosion
induced by hurricanes. This thesis presents evidences of hurricane-induced coastal soil
erosion by some recent hurricanes that impacted the United States and the Caribbean.
Some factors are identified and discussed in the thesis as well as current methods used to
quantify soil erosion. Factors that affect soil erosion include but are not limited to
vegetation, sand dunes, engineering controls, erodibility of soils which relate to soil
types, water content, and compaction levels. The types of engineering controls that are
used to mitigate and reduce coastal soil erosion hazard from hurricanes are presented in
this thesis; they include vegetation, living shorelines, sand dunes, and seawalls.
Vegetation is discussed as one of the most effective coastal erosion control methods.
Most types of remediation methods include vegetation as part of the structure whether it
is a sand dune or a living shoreline. Through this research, it was found that the most
effective method of quantification for coastal soil erosion is a combination approach of
light detection and ranging and aerial photographs, mainly used by the National Oceanic
Atmospheric Association (NOAA) and the U.S. Geological Survey (USGS).
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CHAPTER 1
INTRODUCTION
1.1 Background

For decades the United States and the rest of the world have been fighting against coastal
erosion and the recession of beaches. Severe soil erosion factors include sea level changes, storm
surge, hurricanes, and wind-generated waves. Some of these changes are slow (e.g. sea level
changes) and happen overtime while others happen rapidly (e.g. hurricanes). “Sea level changes
have grown in the last 20,000 years and maybe a contributor to coastal shoreline recession, but it
is not a new phenomenon. Global warming which is mankind caused contributes to sea level rise.
(Roger and De Meyer 1998)”. The same effect of global warming helps to accelerate the trend of
increasing severe hurricanes (Union, 2017). The high demand for coastal communities and
tourism with growing populations has increased the demand for sediment transport for beaches
and construction of residences along coastal areas (Roger and De Meyer 1998).
An increase in greenhouse gases and decreases in air pollution have contributed to
increases in Atlantic hurricane activity since 1970. In the future, Atlantic and eastern North
Pacific hurricane rainfall and intensity are projected to increase (USGCRP 2018). This hurricane
activity has attributed to coastal soil erosion in the past decade and will continue to increase
contributing to the more damages. Hurricanes can range from Category one to Category five
based on the Saffir-Simpson Hurricane wind scale, the intensity of a hurricane depends on
frequency interval according to National Oceanic Atmospheric Association (NOAA). Some
hurricanes that caused significant damages in the recent years in the United States include
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Hurricane Andrew (1992), Hurricane Katrina (2005), Hurricane Sandy (2012), Hurricane Irma
(2017), Hurricane Maria (2017), and Hurricane Harvey (2017).

1.2 Research Objective

The objectives of this thesis are to (1) document the evidences of hurricane induced
coastal erosion, (2) synthesize some key factors that affect the coastal erosion, and (3) summarize
and compare the state-of-the-practice of coastal erosion remediation and prevention methods. The
ultimate goal of this study to provide a synthesis that can be referenced in future coastal planning.

1.3 Thesis Outline

This thesis consists of five chapters. Chapter 1 points out the issue of
hurricane-induced coastal erosion and possible causes of coastal erosion.
Chapter 2 presents gathered data from historical hurricanes that caused
significant damage and coastal soil erosion.
Chapter 3 presents factors identified from historical hurricanes that may
have contributed to coastal soil erosion.
Chapter 4 presents current approaches used to quantify or predict soil
erosion. Chapter 4 also discusses limitations to current approaches and current
remediation methods and effectiveness for hurricane-induced coastal erosion.
Chapter 5 summarizes findings and recommendations to consider for
coastal management.
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CHAPTER 2
REVIEW OF COASTAL EROSION INDUCED BY HISTORICAL
HURRICANES

This chapter presents the recorded case examples of coastal erosion induced by
historical hurricanes (as listed in Table 2-1) in the United States.

Table 2-1: Historical Hurricanes
Hurricane Irma

Year
2017

Locations
Florida, Caribbean

Category
5

Hurricane Andrew
Hurricane Sandy

1992
2012

Florida
New Jersey, New York

5
3

Hurricane Harvey

2017

Texas

4

Hurricane Katrina
2005
Louisiana, Mississippi
3
Hurricane Maria
2017
Caribbean, U.S.A.
5
Note*Locations were only written for the most damaged cause at given locations

2.1 Hurricane Irma
The estimated damages range from $25 to $65 billion dollars. There were about 134
fatalities, Hudyma, et. al. 2017. Hurricane Irma was one of the most recent destructive hurricanes
in 2017 in the United States. Before hitting Florida, it devastated the Caribbean as a Category 5
Hurricane. Irma rammed through the Caribbean leaving catastrophic damage. Most of the coastal
homes in St. Martin Island were damaged and inundated (Figure 2-1, CNN 2017). Irma flooded a
beach in Marigot Bay, St. Lucia leaving broken trees scattered on the beach (Figure 2-2, CNN
2017). Then, Hurricane Irma hit Florida as a Category 4 hurricane and downgraded as it moved
through central Florida. About 6 million people were evacuated from their homes, at least 7
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million lost their homes, at least 7 million lost power during the storm. Irma caused sinkholes
and major erosion along the coast. Damages on the coast included sea wall erosion, pier and
bridge scour, sheet pile failure, and dune failures (Hudyma, et. al. 2017). Homes that did not have
engineering controls in place suffered worse damages than homes that were protected from the
Hurricane. Figure 2-3 Shows some extreme dune erosion causing some houses to slide into the
beach. This happened in multiples areas during Hurricane Irma where the foundation soil eroded
away due to storm surge, inundation, and lack of erosion controls.

Figure 2-1: a) Left Hurricane Irma in the Caribbean in St Martin island. b) Right Boat is washed
to shore. (CNN 2017).
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Figure 2-2: a) Left, Hurricane Irma in the Caribbean. Irma floods a beach in Marigot during and
after hurricane. b) Right, After Hurricane broken trees are scattered on the beach on September 6,
2017 (CNN 2017).

Figure 2-3: A house slides into the Atlantic Ocean in Ponte Vedra Beach, Florida (CNN 2017).

At Beverly Beach Camptown RV Resort, hurricane Irma caused erosion across the face
of a seawall and scour at the base of staircase, damaging concrete stair structure and causing
further scour (Figure 2-4, Hudyma, et. al. 2017). The Geotechnical Extreme Event
Reconnaissance (GEER) report on Hurricane Irma revealed that the Vailo beach and St John
ocean pier had severe erosion problems due to the 2005 hurricane season and underwent a
nourishment project constructed in 2012 (Hudyma, et. al. 2017). The nourishment project helped
preserve the two areas that would have been damaged severely by Hurricane Irma (Figure 2-5).
As shown from these images significant damage has occurred. Due to the nourishment projects
providing a barrier to the damage caused by Hurricane Irma the pier still stands today. At North
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Shore Boulevard the hurricane caused severe dune failure caused by heavy moisture penetration
as shown the eroded dune actively sloughing (Figure 2-6).

Figure 2-4: (a) Left, Beverly Beach resort in Florida shows erosion across the face of the
seawall with exposed concrete (b) Right, scour at the base of a timber staircase (Hudyma, et. al. 2017).
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Figure 2-5: Google Earth images from GEER report 2017 on hurricane Irma. St. Johns
County Ocean Pier is located at 350 A1A Beach Boulevard in Florida. (a) St. Johns County
Ocean pier after 2005 hurricane season. (b) After beach nourishment project in 2013. Fig. 2-5 c)
aftermath of hurricane Irma in September 2017 (Hudyma, yet. al. 2017)

Figure 2-6: Eroded dune showing active sloughing, undercutting of deck, and potentially unstable
timber beach staircase at North Shore Blvd (Hudyma, et. al. 2017).
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At Vilano beach Hurricane Irma also left beach houses with exposed pile foundations. As
shown in Fig. 2-7 a), soil was eroded away leaving the pile foundations partially exposed. In Fig.
2-7 b), soil was eroded leaving pile foundations completely exposed, and in Fig. 2-7 c) soil was
eroded leaving pile foundations completely exposed and unstable (Hudyma, et. al. 2017). Irma
caused severe scour behind retaining wall leaving the house unprotected from storm surge (Figure
2-8) (Hudyma, et. al. 2017). Hurricane Irma had impact on bridges, it caused scour at the base of
the piers in Big Carlos Pass Bridge in Cape Coral, Florida (Figure 2-9), Stark, et. al. 2017a. At
Sombrero beach in Florida it left exposed foundation and damaged seawalls. An overview image
of Sombrero beach shows some of the damage pre-hurricane Irma and post-hurricane Irma noting
the erosion and all the sediment covered area and damaged vegetation (Figure 1-10), as shown on
the images even the roads were covered with sediment.

(a)

(b)

(c)

Figure 2-7: Examples of erosion exposing timber pile foundations at Vilano Beach, FL. a)
Left, soil was eroded away leaving the structure pile foundations partially exposed, b) middle,
soil was eroded leaving pile foundations completely exposed, and c) right, soil was eroded
leaving pile foundations completely exposed and unstable (Hudyma et al. 2017).
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Figure 2-8: Examples of severe scour behind sheet piles walls left homes exposed to
storm surge (Stark, et al. 2017a)

Figure 2-9: Bridge scour at base of the piers at Big Carlos Pass Bridge in Cape Coral, FL. (Stark
et al. 2017a)
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Figure 2-10: Overview images of impacts at Sombrero Beach in Florida. Left shows preHurricane Irma and right shows post Hurricane Irma. (Stark et al. 2017a)

During Hurricane Irma damages occurred because there was no engineering
control, or the engineer control did not meet the required design for the area. Previously in this
thesis Figure 2-3 shows a house slides into the Atlantic Ocean in Ponte Vedra Beach, Florida
(CNN 2017). Right Next to this house there was a house structure that remained intact and
undamaged as shown in Figure 2-11 and Figure 2-12. Other examples of scour and erosion can be
seen from Figure 2-8, in the photo there is severe scour behind sheet piles walls that left homes
exposed to storm surge (Stark, et. al. 2017a). The failure mechanism appears to be weak
underlaying foundation soils and absence of engineering control in place.
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Figure 2-11: a) Left prior to Hurricane Irma and b) Post Hurricane Irma aerial images of 4010
Coastal Highway in Vilano Beach Florida During Hurricane Irma (Hudyma et al. 2017).

Figure 2-12: Collapsed house due to coastal erosion along Coastal Highway in Vilano
Beach Florida During Hurricane Irma (Hudyma et al. 2017).

In Painters Hill, Florida there were other damages that left homes exposed to the storm
surge and wave action at the coastal zone during Hurricane Irma. Figure 2-13 shows collapsed
timber staircase that was completely destroyed when dune supporting it failed due to water
infiltration into the soil causing erosion and scour (Stark et al. 2017a). This coastal area had no
system to protect against storm surge. An example of an engineering control at Painters Hill is
shown in Figure 2-14, the sheet pile structure was overtopped by the storm surge causing scour
and leaving the house exposed to further damage by the Hurricane (Stark et al. 2017a).
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Figure 2-13: a) Left, collapsed staircase and b) Right, eroded dune in Painters Hill in
Florida during Hurricane Irma (Stark et al. 2017a).

Figure 2-14: Scour of the timber sheet pile wall in Painters Hill in Florida during
Hurricane Irma (Stark et al. 2017a).

2.2 Hurricane Andrew
In 1992, Hurricane Andrew gave a rude awakening to the eastern part of the United
States. Hurricane Andrew was a Category 5 hurricane that caused damages and casualties and
had a great economic impact. It devastated Florida, Louisiana and the Bahamas. Damages were
estimated to be at $25 billion to Florida alone and more than 25 deaths were directly related to the
Hurricane. Andrew produced a 17 ft storm surge near the landfall point in Florida, while storm
tides of at least 8 ft inundated portions of the Louisiana coast. Andrew also produced a killer
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tornado in southeastern Louisiana (Beven et al. 1993). Most of the destruction caused by
hurricane Andrew was to infrastructure. Figure 2-15 shows an example of the damages caused by
Hurricane Andrew to a community home in Florida (Figure 2-15). On the coast, it destroyed
docks and displaced objects all over the marinas and even onto communities. A storm surge of
16.9 feet occurred a few blocks from here at the Burger King world headquarters in Florida. Boat
damage at Black Point Marina Wind and surge from this Category 4 storm tossed boats about like
toys (Beven et al. 1993).

Figure 2-15: Damage of community home in Florida caused by Hurricane Andrew in
1992. (Beven et al. 1993)
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2.3 Hurricane Sandy
In 2012, Hurricane Sandy made landfall on the East coast mainly New York and
New Jersey as a Category 1 Hurricane, however it acted as a Category 3 Hurricane due
to the wind pressures. The most prevalent damage came from the storm surge. About 2
million people lost power and the total economic losses were estimated at $50 billion,
not including aftermath cost for damage. The report finding of the Center for Disease
Control and Prevention found that despite the advanced notice and mandatory
evacuation, most of the deaths were from drowning in residential homes with an
estimated 147 deaths (FEMA 2013).

According to the Mitigation Assessment Team (MAT) deployment observations
most of the damage to the low-rise building resulted from inundation, and oceanfront
low-rise building were damaged by water action, erosion, and scour (FEMA 2013).
Many buildings were within 10 to 20 ft of erosion control structures such as seawalls but
were overtopped by the waves and surge (FEMA 2013). As a result, there was flooding
and erosion while the structure remained intact. Overall some of the parameters
identified by the MAT that contributed to the damage were building location and
exposure to waves, beach and dunes seaward of the building, and barrier islands
breaches, proximity to erosion control structures (conditions of structure). For example,
in the case of building location and exposure to waves, in general buildings that are in
close proximity to the ocean are in contact with the wave velocity and force taking most
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of the impact (Figure 2-16, FEMA 2013). At Ortley Beach, NJ Figure 2-17 shows the
loss of dune, boardwalk and sever damage to the homes closer to the coastline.

Figure 2-16: Wave, storm, surge, and erosion damage to oceanfront house at Belle Harbor,
Rockaway, NY. (FEMA 2013).

Figure 2-17: Post Hurricane Sandy photograph of Ortley Beach, NJ, in the vicinity of 8th
avenue and New Jersey Beach that shows the loss of a dune, boardwalk, road, and severe
damage to homes. (FEMA 2013).
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Hurricane Sandy brought large-scale flooding to coastal and riverine residential
and urban areas, particularly concentrated along the New Jersey and New York
coastlines. Although the effects of Sandy were felt along much of the northeast coast,
New Jersey and New York sustained the worst impacts from the storm, most of the
damage observed was caused by flooding (FEMA 2013). Observations of damage
caused by wind were rare, and wind damage was much less significant than the flooding
damage. The flood damage observed was a result of inundation, erosion and scour, and
wave action (FEMA 2013). Although inundation alone was a significant source of
damage, some of the more dramatic structural failures observed were a result of the
added force of wave action. Many buildings, both residential and nonresidential, were
inundated at the basement and first floor levels, which disrupted operations and
damaged utilities, causing significant repair costs and extensive loss of income.
Ortley Beach had a 25-year history of shoreline retreat and sand volume loss as
determined by the Coastal Center’s 8th Avenue survey site and as see in the graph the
coastal research center was able to determine total sand volume loss of 68.7 𝑦𝑑𝑠 . /𝑓𝑡
with over 10 ft of dune removed (Figure 2-18), and everything was stripped away
leaving a flat, featureless beach sloping into the sea. “This was the site of the worst and
most widespread structural damage in Northern Ocean County” (FEMA 2013).
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Figure 2-18: Ortley Beach had a 25-year history of shoreline retreat and sand volume
loss as determined by the Coastal Center’s 8th Avenue survey site and showed a sand
volume loss of 68.7 yds3/ft with over 10 feet of dune removed and pushed landward in
overwash deposits (FEMA 2013)

A portion of sand dune was removed during the hurricane, while the rest
provided protection landward, which is not the case at most shorelines. The intact
scarping protected the boardwalk and the road (Figure 2-19). This scarping helped
prevent more severe damages in this area. The pre- and post-storm analysis for site #148
at 4th Avenue at Seaside Park showed that a portion of the foredune was removed
during the storm; however, the remainder of the dune provided protection to the
landward structures; no overwash occurred at the profile location (Figure 2-20, FEMA
2013). An example of pre and post hurricane Sandy sand dune conditions in Atlantic
Beach, New York shows some of the erosion (Figure 2-21). Other examples include
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houses being washed off of foundation to other locations. In the example it is noted that
Bayfront house is washed off its foundation and into its neighbor (Figure 2-22). One
example of severe erosion was a dune next to oceanfront houses was lost and an
estimated 5 feet of erosion was observed under the seaward ends of the pile supported
buildings in Beach Haven, NJ (Figure 2-23, FEMA 2013).

Figure 2-19: Post-Sandy photograph of Seaside Park, NJ, in the vicinity of 6th Avenue
and two blocks south of New Jersey Beach. Note the intact dune with scarping, which
protected the boardwalk, road, and homes. (FEMA 2013).
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Figure 2-20: a) Left, the pre- and b) right, post-storm analysis of Seaside Park in NJ,
post Sandy dune loss near Village including the near complete loss of the dunes in
front of building A (FEMA 2013).

Figure 2-21: a) Left image shows beach and dune conditions pre-hurricane Sandy area
near a village of East Atlantic Beach, NY (Google Earth, USGS, FEMA 2013).
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Figure 2-22: Bayfront house was washed off its foundation and into its neighbor in
Lindenhurst, NY during Hurricane Sandy (FEMA 2013).

Figure 2-23: Dune next to oceanfront houses was lost and an estimated 5 feet of erosion
was observed under the seaward ends of the pile that supported buildings in Beach
Haven, NJ. There was an emergency dune construction after the storm as depicted in
the background of the image (FEMA 2013).

Some of the damages caused by hurricanes in the past decade occurred because
the engineering controls in place such as seawalls and sheet pile walls were not
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maintained properly. In other areas damages occurred due to poor soil conditions, poor
engineering control system design, or combination. During Hurricane Sandy, a concrete
seawall failed resulting in damage to the house (Figure 2-24 a, FEMA 2013) as a result
of poor seawall maintenance and settlement of soil. An example of a timber sheet pile
was overtopped by surge resulting in backfill damage and scour (Figure 2-24 b, FEMA,
2013). While the timber sheet pile while itself did not fail structurally, it was not high
enough to protect the house from surge and wave action from Hurricane Sandy in 2012.

Figure 2-24: a) left, timber sheet pile wall was overtopped by storm surge resulting in
scour of backfill and b) right, concrete seawall failed resulting in damage to the house
(FEMA 2013).

2.4 Hurricane Harvey
In August 2017, Hurricane Harvey, a Category 4 Hurricane, made landfall near
Rockport, Texas. Storm surge, waves, and runoff resulted in high water level at multiple
locations as high as 6.71 ft (2 m), causing serious flooding. Cost associated to damages
from Harvey ranged from $65 billion to as high as $190 billion. Most of Harvey’s
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damages were related to inundation, causing scouring. In a harbor area, Harvey caused
scouring behind an anchored bulkhead retaining wall (Figure 2-25, Stark et al. 2017b).
Figure 2-25 shows photos of scouring behind anchored bulkhead retaining walls. The
erosion and scour left the bulkhead exposed and vulnerable to subsequent storms. There
was scarping left that was about 3 feet in depth after some soil was eroded from the dune
(Figure 2-26, Stark et al. 2017b). Harvey left the coast more vulnerable to erosion.
Harvey also caused grave damage on the riverbanks, such as an actively failing sheet
pile wall in Figure 2-27 (Stark et. al. 2017b). The hurricane also formed channels of
erosion through dune fields (Figure 2-28) and scour around bridge piers (Figure 2-29)
(Stark et al. 2017b).

Figure 2-25:

Photos of scouring behind anchored bulkhead retaining walls: top

reinforcing steel wires connect to bulkheads, (left bottom) scouring around tree; and
(right bottom) localized scour location at a harbor in Texas (Stark et al. 2017b).
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Figure 2-26: Photo shows scarps along the dunes which were measured to be about 3
feet (0.9 m) (Stark et al. 2017b).

Figure 2-27: Actively failing sheet pile wall on riverbank in Texas (Stark et al. 2017b)

Figure 2-28: (left) edge of channel about 0.3 m of erosion and (right) Channel formed
through dune fields by Hurricane Harvey (Stark et al. 2017b).
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Figure 2-29: Scour around bridge piers. (Stark et al. 2017b).
U.S. Geological Survey (USGS) predicted 90% inundation caused by hurricane
Harvey, using a tool that can estimate inundation, overwash, and erosion based on
probabilities, which will be later explained. Once hurricane Harvey made landfall storm
waves and surge inundated a low-lying section of the coastline causing 340-meter-wide
breach, and there were multiple breaches in San Jose Island as estimated by USGS
(Figure 2-30 and 2-31) (USGS and NOAA 2017). Sand dune erosion may occur
overtime until it is a complete breach (USGS 2017).

Figure 2-30: Pre- and post- Hurricane Harvey coastal impacts of the 340 meter breach
in TX. (USGS and NOAA 2017).
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Figure 2-31: Pre- and post- Hurricane Harvey coastal impacts of the multiple breaches
in TX (USGS and NOAA 2017)

2.5 Hurricane Katrina
Hurricane Katrina was one of the strongest hurricanes to impact the coasts of the
United States during the past 100 years. In 2005 Katrina made landfall over the Gulf of
Mexico, then weakened and made landfall in Louisiana and Mississippi as a strong
Category 3 storm. The storm surge did not diminish before making landfall and record
surge caused widespread devastation in the coastal areas of Alabama, Louisiana, and
Mississippi (FEMA 2006). An estimated 450,000 people or more were displaced between
Alabama, Louisiana, Mississippi with damages estimated at $125 million or more for
economic losses and property damages (Karl 2010). The estimated death toll is over 1,300
in Louisiana and Mississippi and over 450,000 people were displaced with 800,000 people
requesting assistance from the government program; the hurricane caused $5.5 billion in
damage to infrastructures including roads and bridges (FEMA 2006).
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Katrina caused structural damage of homes due to erosion on barrier islands and
some homes foundations failed when impacted by storm surge, waves, and erosion. In
Pass Christian, Mississippi there were some houses floating off pier foundations (Figure
2-32, FEMA 2006). Some houses in Alabama failed due to insufficient pile embedment
(Figure 2-33). Additional damage was attributed to erosion and flood borne debris, and
in Dauphin Island, Alabama, erosion and scour were severe (FEMA 2006). Many areas
had been weakened by previous storms, which made these areas highly susceptible to
erosion and scour during Hurricane Katrina.

Figure 2-32: Houses Floating off of the pier foundations in Pass Christian, Mississippi
during Hurricane Katrina (FEMA 2006).
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Figure 2-33: Some house failed due to insufficient pile embedment in Alabama (FEMA
2006).
The impact from Hurricane Katrina was manifested in Dauphin Island where it
can be seen in Figure 2-34 that after subsequent Hurricanes the shoreline kept retreating
from July 2001 to when Hurricane Katrina hit Louisiana and Mississippi. The most
severe damage was more felt in New Orleans with the failure of the Hurricane
Protection Systems in the highly populated area.
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Figure 2-34: The top image was taken in July 2001, before Hurricane Lili (2002). The
middle photograph was taken on September 17, 2004, immediately after the passage of
Hurricane Ivan. The bottom image was acquired on August 31, 2005, two days after
Hurricane Katrina. These photographs show a significant increase in overwash
penetration across the island after Ivan and beyond the island after Katrina. The
structure in the lower left corner is an oil rig that broke loose during Katrina and washed
ashore. The beach appears brown in the bottom photograph due to a "deposit" of plant
debris. (Tihansky 2005).
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Soil samples were gathered to study the failure mechanism of the levees in New
Orleans and it was determined that the failure mechanism for the levees in New Orleans
was most likely due to erodible soils (Briaud et al. 2008). Hurricane Katrina caused
severe damage to the Hurricane Protection System (HPS) in Louisiana beyond design
purposes. The Hurricane Protection System was comprised of levees and floodwalls
designed to stop hurricane surge and flooding waters. “Katrina generated surge and
waves that greatly exceeded the intended design criteria of the HPS. There were 50
breaches and all but four were caused by overtopping and erosion” (Sill et al. 2008).
Some examples of breaches with overtopping erosion are shown in Figure 2-35. “No
levees failure occurred without overtopping and were a function of soil type and
compaction effort applied to the levee fill material, as well as the severity of the surge
and wave action” (Sill et al. 2008). Once the levees and floodwalls were overtopped the
surge and wave action caused erosion and scour making them unstable.

Figure 2-35: Overtopping erosion examples, a) Left, soil covering the road b) Right,
water moving property (Briaud 2011).
The failures were accompanied by massive erosion and scour, with large
openings that eroded through the levees developing along sections at the southeast
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corners of the New Orleans East protected basin and along the northeast edge of the St.
Bernard/Lower Ninth Ward protected basin as shown in Figure 2-36 (Seed et al. 2008a).
The figure also shows the deliberate notches in the levees that were created after the
storm had passed to facilitate outward drainage of flooded waters from within the
flooded basins (Seed et al. 2008b). The failure mechanism hypothesis was identified as
the little or poor compaction level of the soils that were deposited with high water
content. Section of levee lock structures were constructed using hydraulic fill materials
that were dredged from the adjacent shipping channel excavation with barely any
compaction (Seed et al. 2008a). This is a common theme in New Orleans that was used
for cost saving during the construction of the Hurricane Protection System.

Figure 2-36: Overtopping and through -passage of floodwaters along the East flank
(Seed et al. 2008a).
In Inner Harbor Navigation Channel in Louisiana there were multiple breaches in
the Lower Ninth Ward Central region where the failures occurred mostly at the
transitions of the levee and floodwall system, since it was built by sections at different
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times (Seed et al. 2008b). Figure 2-37 shows the aerial view of the north breach on the
east bank of the Inner Harbor navigation channel, at the west end Lower Ninth Ward;
sheetpile wall was pushed back by the underseepage-induced piping erosion (Seed et al.
2008b).

Figure 2-37: Aerial photo of the east bank of the Inner Harbor Navigation Channel north
breach, at the west end of the Lower Ninth Ward (Seed et al. 2008b).
The 17th St drainage canal wall in New Orleans suffered catastrophic breaches at
depths well below mean sea level. There were several issues that together led to the
breach and failure, one being weak soils at the subsurface being highly susceptible to
erosion (Seed et al. 2008c). As shown in Figure 2-38 there was a lateral offset of the Iwall alignment relative to the intact portion of the levee embankment (Seed et al.
2008c). After the hurricane it is shown in Figure 2-39 Breach at the East Bank of the
17th Street Drainage Canal with a military helicopter lowering an oversized gravel filled
bag into the breach as part of emergency repairs (Seed et al. 2008c). The London canal
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mechanism of failure was caused by underseepage and piping erosion as depicted in
Figure 2-40 (Seed et al. 2008d).

Figure 2-38: Breach at the East Bank of the 17th Street Drainage Canal with a
military helicopter lowering an oversized gravel filled bag into the breach as part of
emergency repairs (Seed et al. 2008c).

Figure 2-39: Aerial view of the 17th Street Canal breach on September 1st, 2005
showing displacement of I wall from levee embankment (Seed et al. 2008c)
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Figure 2-40: a) Cross section through the south breach on the east bank near of the
London Avenue drainage canal and b) underseepage piping showing the exit gradient
and flow path of the flow (Seed et al. 2008d).

2.6 Hurricane Maria
Hurricane Maria, a Category 5 Hurricane, severely devastated the Caribbean
Islands, mostly Puerto Rico suffered the greatest damage. It is the 3rd Hurricane to hit
the United states in 2017 and the Caribbean leaving devastation and the strongest
Hurricane to hit Puerto Rico in more than 80 years. Hurricane Maria arrived just 2
weeks after Hurricane Irma passed Puerto Rico leaving heavy rain and power outages in
the Island (Silva-Tulla et al. 2018). Hurricane Maria caused 64 deaths officially with
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4600 unconfirmed deaths in Puerto Rico alone and left all building structurally deficient
with damages approximate more than $90 billion (Pasch 2018). Hurricane Maria
destroyed homes, roads, bridges and even took out the power grid system in the entire
Island of Puerto Rico (World Vision Staff 2017). Most importantly the power of the
storm surge damaged the coastal infrastructure which includes seawalls, piers, houses,
and utilities (Silva-Tulla et al. 2018). The damage was so severe that the Puerto Rico
Electric Power authority reported the island would be without power for six months due
to the transmission and distribution infrastructure loss of at least 80% (Podlaha 2018).
While most of the damage was caused by wind, a notable percentage of structures was
affected by coastal flooding (Podlaha 2018). This implies that there were no
engineering controls in place or the ones in place were poorly designed and did not meet
code requirement to sustain a hurricane as large and powerful as Maria.

Coastal erosion examples from Punta Cadena, Puerto Rico show some of the
extent of erosion behind wall of road and they appeared to be from wave action, and
seawalls had minor damages (Figure 2-41, Silva-Tulla et al. 2018). It appears that this
occurred because the seawall did not properly protect road from erosion. At Córcega
beach, apartment buildings perimeter was severely damaged due to erosion on ground
surface (Silva-Tulla et al. 2018). Figure 2-42 shows a beach access ramp and seawall
damage and displacement of building, with geotextile left exposed and facility
remaining intact (Silva-Tulla et al. 2018). At an ocean club in Puerto Rico, Hurricane
Maria destroyed multiple buildings leaving extensive damage of a three-story building
supported by shallow footings. As shown in Figure 2-43 multiple buildings were
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damaged and collapsed (Silva-Tulla et al. 2018). At these locations there were no
shoreline engineering controls in place to protect against erosion.

Figure 2-41: Road in Punta Cadena, Puerto Rico damaged by erosion and scour behind
wall (Silva-Tulla et al. 2018).

Figure 2-42: At Córcega Beach apartment building perimeter was severely damaged
due to erosion on ground. a) Right, geotextile left exposed with b) Left, facility
remaining intact (Silva-Tulla et al. 2018).
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Figure 2-43: a) Top, Ocean Club collapsed into ocean while remaining structure
remained cracked and b) bottom, severely damaged buildings (Silva-Tulla et al. 2018).
The damage was so severe that the Puerto Rico Electric Power authority reported
the island was without power for six months due to the transmission and distribution
infrastructure loss of at least 80% (Podlaha 2018). While most of the damage was
caused by wind, there was a notable percentage affected by coastal flooding where
structures were not built to code (Podlaha 2018). This implies that there were no
engineering controls in place or the ones in place were poorly designed and did not meet
code requirement for protection from a Hurricane as large and powerful as Maria.

Hurricane Maria destroyed the beach in Aguadilla causing severe erosion as
shown in Figure 2-44 at Crash boat Beach coastal erosion at the site and scour of the
foundation (Silva-Tulla et al. 2018). Figure 2-45 shows collapsed sidewalk along
coastal avenue in Aguadilla’s town center waterfront due to wave action by Hurricane
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Maria (Silva-Tulla et al. 2018). An area that was severely affected by heaving flooding
and coastal erosion was the shoreline of Mayagüez, Figures 2-46 to 2-49 show examples
of the damages caused by wave action (Silva-Tulla et al. 2018).

Figure 2-44: Crash boat Beach coastal erosion at the site and scour of the foundation
(Silva-Tulla et al. 2018).

Figure 2-45: Collapsed sidewalk at coastal avenue in Aguadilla (Silva-Tulla et al. 2018).
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Figure 2-46: Coastal Erosion in Mayagüez, houses have been destroyed and wetlands
have formed (Silva-Tulla et al. 2018).

Figure 2-47: A car buried by wave action and eroded soil in Mayagüez (Silva-Tulla et al.
2018).
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Figure 2-48: A house completely collapsed on to shoreline in Mayagüez (Silva-Tulla et
al. 2018).

Figure 2-49: Example of coastal erosion in Mayagüez (Silva-Tulla et al. 2018).

In Dominica, Hurricane Maria caused serious catastrophic damage to the
majority of structures, most trees and vegetation were downed with an estimated damage
of $1.31 billion (Pasch 2018). Figure 2-50 shows a house that was washed away by
heavy surf during the passing of Hurricane Maria and Figure 2-51 shows beach house
boats damaged and displaced by Hurricane Maria (CBS News 2018). Prior to Hurricane
Maria making landfall the Dominica Island was still recovering from Tropical Storm
Erika which caused $500 million in damage (Pasch 2018).
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Large waves and storm surge generated by the storm affected large portions of
the shoreline while the prediction called for about two thirds of the shoreline to suffer
dune erosion and over wash (Podlaha 2018). The greatest impact was on the Caribbean
Islands where the infrastructure was severe damaged.

Figure 2-50: A house was washed away by heavy surf during the passing of Hurricane
Maria (CBS News 2018).

Figure 2-51: Beach house boats damaged and displaced by Hurricane Maria (CBS
News 2018).
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All the hurricanes presented in this chapter caused damages to infrastructure,
millions of dollars in economic damages, and loss of lives. The severity could have
been reduced if the factors that contributed to failures of systems in place were managed
properly by the coastal management communities and if proper engineering controls
were in place and maintenance was performed. Based on the evidences it can be
established that many factors contributed to the hurricane-induced coastal soil erosion,
including the type of engineering control, erodibility of soils, topography of shorelines,
and wave energy, which are further presented and analyzed in the next Chapter.
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CHAPTER 3
FACTORS AFFECTING COASTAL EROSION
There are many factors affecting hurricane-induced coastal erosion and they need
to be prioritized for coastal management. When infrastructure is built in coastal areas,
the state of foundation soils is investigated prior to construction to ensure it can support
the loads. Areas that are close to the shoreline are usually protected from wave action
via engineering controls. While there are many factors that may affect coastal soil
erosion, this thesis presents the following factors 1) erodibility of soils, 2) engineering
controls, 3) topography of shoreline, and 4) wave energy and wind.

3.1 Erodibility of soils
Erodibility of soils is defined as susceptibility of soils to be detached or transported
by different processes such as precipitation, storm surge or runoff (Ezeabasili et al. 2014;
MEPAS 2018). Soil erodibility is also defined as the rate of erosion when a given
hydraulic shear stress is applied to a soil (Wan and Fell 2004). Soil properties such as
water content, grain size distribution, organic content, and plasticity affect soil’s
erodibility (Colombo et al. 2010; MEPAS 2018). For the soil erosion index or erosion rate
index the higher the value the more resistant the soil is to erosion (Wan and Fell 2004).

During Hurricane Katrina the majority of the storm surge flowing into the New
Orleans Bank basin came through the large breaches that occurred on the drainage
canals at the northern end of the Orleans East bank protected area (Seed et al. 2008d).
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The breach was due to lightweight organic soils and clays present at the site where there
was an initial uplift by the levee toe (Seed et al. 2008d). Here the resistance mechanism
is the highly erodible soils at the site such as cohesionless sands, organic soils, clays,
and light weight shell sands which had been used to construct portions of the levee
embankments (Seed et al. 2008d). Figure 3-2 shows the cross section of the London
Avenue Canal North that failed, and Figure 3-3 shows the distressed section that did not
fail in the south part of the wall (Seed et al. 2008d). These highly erodible soils at 17th
Street Canal were not resistant to the storm surge at any time during Katrina with
different as water reach different water levels along the levee system and had a low
erosional rate index. At Bayou Dupre, a large erosional breach at the lock structure levee
embankment occurred, it was caused by highly erodible lightweight shell-sand fill at the
foundation of the embankment (Seed et al. 2008a).

Figure 3-1: Cross Section through the 17th street canal breach showing conditions
before (top) and after (bottom) failure (Seed et al. 2008c).
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Figure 3-2: Cross Section of conditions before and after at the North Breach on the
West Bank of the London Avenue drainage canal (Seed et al. 2008d

Figure 3-3: Cross Section of conditions South area levee and flood wall section of the
East Bank of the London Avenue drainage canal showing partial wall deflection (Seed
et al. 2008d).
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3.2 Wave Energy and Wind
Wave energy and wind play a role in coastal soil erosion caused by hurricane
storm surge. Wave energy is related to wave height and describes the force a wave can
have on a shoreline, depending on wind and storm surge (NOAA and USACE 2015).
Figure 3-4 shows the wave energy in effect in which wind and wave height are a factor
of erosion along a shore line. The right schematic shows a cross section of beach profile
of a constructive wave which are in normal weather conditions and the left schematic
shows a beach profile of a destructive wave which causes erosion with combined wind
effects from storm surge and wind during a Hurricane (Schematic from © A Level
Geography 2018). A wave with shorter length is steeper causing more damage onto the
shoreline.

Figure 3-4: The right schematic shows a cross section of beach profile effect of a
constructive wave under normal weather conditions and the left schematic shows a
beach profile of a destructive wave which causes erosion with combined wind effects
from storm surge and wind during a hurricane. (Schematic from © A Level
Geography 2018).
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3.3 Topography of Shoreline
Topography of a shoreline plays a role in reducing the storm surge energy and
wave action on shorelines. The slope of the foreshore and beach face is an important
factor. A study found that ground slope along with vegetation species play a role in
coastal soil erosion; a mild slope of 1:500 showed great potential at reducing wave
height of storm surge, water depth and flow velocity, along with a wide 300 m belt of
vegetation (Das et al. 2010). The steeper the slope the most effective at reducing the
wave height energy from storm surge.

3.4 Engineering Controls
Engineering controls are strategies designed as a barrier to protect infrastructure
or specific areas susceptible to erosion from hazards such as flooding and erosion. It can
be referred to as a coastal risk reduction approach and technique and includes natural or
nature-based measures (i.e. living shoreline), structural measures (e.g. seawalls), and
non-structural measures (e.g. flood warning systems and policy) which depend on
geophysical setting, level of risk reduction, objective, cost, reliability, and other factors
(NOAA and USACE 2015). The barriers include seawalls, breakwaters, revetment, and
sheet pile walls as well as manmade sand dunes on shorelines. The main concern was
that there was no engineering control in place, the engineering control in place had little
or no maintenance since installation, or the engineering control in place did not meet the
level of protection required for specific hazards.
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During hurricane Katrina, beneath two embankment sections failure was due to
under seepage erosion passing beneath sheet pile curtains that had been designed
primarily to support the concrete I-wall, rather than to prevent under seepage (Seed et al.
2008d). There was no mechanism in place to prevent the under-seepage erosion or the
design did not meet demand, therefore it failed and cost millions of dollars in damage
and loss of life. During hurricane Irma as shown in Figure 2-11 and 2-12, there was a
home that collapse seaward due to absence of an engineering control. Evidently, the
absence of engineering control is a factor against hurricane induced soil erosion and
should be considered in coastal community planning.

Table 3-1 lists some significant factors that affect failure mechanism of
remediation methods. The next chapter presents the details of the current methods used
to quantify coastal soil erosion and which remediation methods are being implemented
by coastal management communities. Also, the effectiveness of these methods is shown
via examples from literature.
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Table 3-1: Summary table of factors identified
Factors

Description

Soil Erodibility

- Measure of susceptibility of soils to detach away or transport of
the soil particles by different processes such as precipitation,
storm surge or runoff (Ezeabasili et. al 2014 and MEPAS 2018),
measure using the soil erosion index and soil erodibility factor.

Wave Energy

- Related to storm wave height and force that hits the shoreline
(NOAA and USACE, 2015).

Topography

- Layout of the shoreline and coastal areas or the arrangement of
the natural and artificial physical features of an area.

Engineering
Controls

- Hard or soft structures in place engineered and designed to
protect infrastructure from natural hazard. Hard structure refers
to seawalls and soft refers to revetment and vegetation.

49

CHAPTER 4
CURRENT METHODS OF EROSION QUATIFICATION AND
REMEDIATION

This chapter focuses on how coastal soil erosion is currently being quantified.
Not many methods for quantifying coastal erosion have been developed and this thesis
includes the methods that have applications to soil erosion and hurricane-induced coastal
erosion. Some of the methods that are covered here include light detection radar, erosion
function apparatus, and some other ways to quantify soil erosion. Remediation methods
and data comparison are presented in this chapter.

4.1 Quantification Methods
While there are methods for testing erodibility of soils such as the hole erosion
test, it is still a challenge to quantify coastal soil erosion due to sea level rise and other
factors. The following methods focus on the approaches that are used to estimate and
quantify amount of soil eroded.

4.1.1 Erosion Function Apparatus
The Erosion Function Apparatus (EFA) was developed by Dr. Briaud to
measure erosion rate of soils to predict scour depth as function of time using maximum
shear stress from erodibility charts shown in Figure 4-1 (Briaud et al. 2010). These
charts were developed using field data, expressed in terms of erosion rate versus velocity
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or erosion rate versus shear stress of the soil. The EFA flow conditions assumes flow
parallel to the soil surface and does not account for vertical components of erosive flow
(Brubaker et al. 2004). Figure 4-2 shows an example and the results for the erosion rate
versus the water velocity for the levees in New Orleans due to hurricane event (Briaud et
al. 2010).

Figure 4-1: Erodibility charts developed by Briaud et al. (2010).
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Figure 4-2: Left, shows the site investigation sample using EFA and results of erosion
rate versus and Right, show the samples state of erodibility and whether the levee
failed or did not failed (Briaud et al. 2010).

4.1.2 Hole Erosion Test
The Hole Erosion Test (HET) is a lab test used to measure the erodibility of soils
and is to quantify the erosion rate with initial shear stress on the soil using erosion rate
index (Wan and Fell 2004a). The erosion rate index is obtained from the slope of the
erosion rate per unit area versus shear stress and it ranges from 1 to 6; with a smaller
value implying a more erodible soil (Wan and Fell 2004a). Laboratory tests conducted
on the rate of piping erosion of soils in embankment dams showed that a certain type of
soil based on USCS classification combined with initial shear stress has greater
resistance to erosion than others. Table 4-1 shows the results obtained from Wan and fell
(2004) for 13 types of soil samples tested for erodibility, noting that the Buffalo soil was
essentially non-erodible with an erosion index greater than 6 (Wan and Fell 2004a).
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Table 4-1: Summary table of erosion rate indices at 95% compaction and optimum
water content based on results of the hole erosion and test and USCS classification
(Wan and Fell, 2004a).
HET-Erosion Rate
Index
1
1.7
2.4
2.7
2.9

USCS
Classification
SM
SM
CL
SM
SC

Soil Sample
Rowallan
Lyell
Teton
Pukaki
Jindabyne

CH

Bradys

3.2

CL

Waranga Basin

3.8

CL

Hume

3.9

CL
CL
CL

Matahina
Fattorini
Waroona

3.8
4.8
5.7

CH

Shellharbour

5.8

CL

Buffalo

>6

Range of Erosion
Rate index

Description of Rate
of Erosion

<2

Extremely rapid

2-4

Very rapid to
Moderately rapid

Representative
Initial Shear Stress,
τ_o, N/m^2
<6.4
<6.4
12.8-25.6
12.8
6.4-12.8

3-4

Moderately rapid

6.4-12.8

3-5

Moderately rapid to
Moderately slow

51.2-64.0

3-6

Moderately rapid to
Very slow

<64.0

4-5

Moderately slow

Residual dolerite,
basalt

Very Slow

>6

Extremely Slow

Alluvioum
Alluvium

102.3-127.9
76.7-89.5
>153.5

5-6

Geological origin
of Soil
Glacial till
Residual granite
Aeolian
Glacia till
Residual granite

Residual,
sandstone
Colluvium
Residual granite
Residual
sandstone

102.3

Alluviummetamorphic

>153.5

The tests performed by Wan and Fell (2004a, 2004b) distinctly showed that the
erosion rate index of a soil is highly influenced by the level of compaction and moisture
content, hence a soil compacted to a higher maximum dry density is more resistant to
5

erosion. It is noted that the clay minerology and initial shear stress ( 𝜏3 , 67 ) are
contributing factors in resistance to erosion. An improved method for Hole Erosion test
has been developed with more details, identifying the clay mineralogy, and showing
evidence that clay mass fraction is an important factor for erodibility (Haghighi et al.
2013).

4.1.3 Light Detection and Ranging
Light detection and ranging, LIDAR, uses laser and GPS technology to provide
topography information such as height and depth along a shoreline with high accuracy
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(Sallenger et al. 2012). This technology works through all surfaces of the earth including
water. Some of the advantages of LIDAR include cost effectiveness, broad coverage,
being scalable, and being used in day or night (NOAA, 2018a). Elevation data include
topography (land surface) and bathymetry (configuration of seafloor) data. Information
used to quantify soil erosion from LIDAR uses previous elevation data before a storm
event to assess the physical changes caused by storm events to create visualization of
damage and predict future changes (NOAA 2018a). Figure 4-3 shows an example of
visualization using LIDAR with topographic changes in North Carolina before and after
Hurricane Isabel.

Figure 4-3: A LIDAR visualization example shows topographic changes in North
Carolina before and after Hurricane Isabel (NOAA 2018a).

LIDAR is a useful tool for quantification of soil erosion as it allows for realistic
estimate of the volumetric changes of the shoreline beach and detects the loss of beach
and other infrastructure damages with distinct features (NOAA 2018a). LIDAR can also
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predict the changes due to sea level rise (NOAA 2018a). Figure 4-4 shows an example
of LIDAR applied to a hurricane event (Liu and Wu 2012).

Figure 4-4: Aerial photograph, LIDAR with elevation difference grid, a) top shows prehurricane data acquired in august 2008, b) post-hurricane data in May 2009, c) prehurricane LIDAR DEM in September 2007, d) pot-hurricane LIDAR DEM in December
2008, e) cell-by-cell elevation change during 2007-2008 (Liu and Wu 2012).

A LIDAR study was conducted for Hurricane Floyd which caused damages
along Florida’s Atlantic coast in 1999. Lidar was conducted before and after Hurricane
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Floyd to compare volume changes in shoreline using the LIDAR and gauge information
(Zhang et al. 2005). Zhang et al. (2005) used an approach of cut and fill volumes in
order to calculate net volumes of eroded soil as seen in Figure 4-5, where pre and post
hurricane Floyd profiles with net volume differences are shown (Zhang et al. 2005).

Figure 4-5: LIDAR surveys in combination with calculations determined beach
profiles shows volumes of soil eroded from the Florida North and South areas during
Hurricane Floyd in 1999 (Zhang et al. 2005).

4.1.4 Probability
Probability statistical methods are used to estimate erosion rates and require a lot
of data. Some approaches discussed in Callaghan et al. (2008) include fitting
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distributions directly to measurement, structural variable method (SVM), joint
probability method (JPD), and full temporal simulation. Fitting distribution directly to
measurements requires continuous beach profile data (Callaghan et al. 2008). Structural
variable method uses wave parameters and water levels and needs field calibration. Joint
probability method uses all qualities in the structural variable method and uses
independent storm events merged into large event, but it does not account for sea level
rise or El Nino teleconnection (Callaghan et al. 2008). In the study conducted by
Callaghan et al. (2008) with data from Narrabeen beach in Sidney, Australia full
temporal simulation method was used as it is capable of overcoming non-linearity issues
of fitting extreme values for coastal erosion amounts (Callaghan et al. 2008).
The full temporal simulation follows various steps that include fitting extreme
values using wave height, wave direction, storm durations, and Poisson distribution to
account for consecutive storms to estimate the beach profile for recovery, beach erosion,
and amount of time until the next storm (Callaghan et al. 2018). This full temporal
simulation was applied to the 1974 storms, at Narrabeen Beach, Sydney showing the
breaking wave height with the yielding beach erosion of sand volume eroded as seen in
Figure 4-6 (Callaghan et al. 2018). In a different study the JPD was compared with
synthetic design storm (SDS), which is another method developed by Carley and Cox
(2003), the only difference between the two methods is that JPD includes storm
sequencing (Callaghan et al. 2009). The results from that study indicate that JPD
provides better predictions than the SDS approach for return periods less than 10 years
at Narrabeen Beach in Sydney and the SDS method generally tends to underestimate
beach erosion compared to the JPM, particularly for return periods greater than 3 years
(Callaghan et al. 2009). The main reason for this underestimation by the SDS approach
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is likely to be the non-consideration of antecedent beach conditions, particularly when
closely spaced storms occur (storm sequencing).

Figure 4-6: Example application of Full Temporal Simulation showing breaking wave
height and exponential beach erosion response (thick black line) every 8-12 hours during
May/June 1974 storms at Narrabeen Beach, Sydney (Callaghan et al. 2018).

4.1.5 Other methods
The National Hurricane Center (NHC) uses the Sea, Lake, and Overland Surges
from Hurricane (SLOSH), a computer numerical modeling software developed by the
National Weather Services to estimate storm surge heights and predict vulnerability of a
coast to storm surge; it can be a planning tool for coastal communities (Leatherman,
1980). This is one of many tools that can potentially be used in conjunction with others
to estimate hurricane induced coastal erosion.

The United States Geological Survey (USGS) has an interactive portal for
coastal change hazards tool that uses real-time and scenario-based probabilities to
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predict storm-induced coastal change. It makes probabilities of erosion on sandy beaches
during Category 1 to 5 hurricane conditions using hurricane induced water levels of
storm surge and waves in comparison to beach and dune elevations to predict the
probability of dune erosion, overwash, and inundation at the location specified (USGS
2018). Figure 4-7 shows the prediction for the Carolinas coast before Hurricane
Florence in 2018 made landfall and examples of the types of erosion.

Figure 4-7: Predicted probabilities of dune erosion (inner band), overwash (middle
band), and inundation (outer band) for Hurricane Florence. Pictures are representative
of coastal change observed during past storm events (USGS 2018).

59

The guidelines used by USGS are depicted in Figure 4-8, which uses storm
scaling to predict collision, overwash, and inundation (Stockdon et al. 2013). Table 4-2
shows the direct landfall of a Category 1 hurricane, 89 percent of dune-backed beaches
along the southeast Atlantic coast are very likely (p>90 percent) to experience dune
erosion during the collision regime, overwash during a Category 1 landfall is very likely
along 47 percent of the coast, and during Category 5 conditions, 92 percent of the
southeast Atlantic beaches are very likely to experience overwash and associated
erosion, and 75 percent of the beaches and dunes are very likely to be vulnerable to
erosion due to inundation. The combination of large waves and surges in a region with
low coastal elevations makes the entire Southeast Atlantic vulnerable to significant
coastal erosion during storms (Stockdon et al. 2013).

Figure 4-8: Guidelines used by USGS to define storm impact using storm scaling,
where 𝜂"# defined as storm-induced mean water level. And 𝜂$% defined as the extreme
high-water level attained during storm, maximum shoreline water level. (Stockdon et
al. 2013)
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Table 4-2: Percentage of coast very likely to experience erosion associated with
collision, overwash, and inundation during Category 1-5 hurricanes (Stockdon et al.
2013).

Coastal and beach profiles are shown in terms of depth/elevation and distance to
track the sediment transport of a shoreline. “Coastal profiles, usually perpendicular to
the shoreline, include shelf-, nearshore, and beach profiles. The latter two are of major
importance in coastal protection schemes” (Roger and De Meyer 1998). Using beach
profiles is one of the methods of quantifying erosion loss by volume. Table 4-3 lists the
current methods of coastal soil erosion quantification approaches.
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Table 4-3: Current Methods of Coastal Soil Erosion Quantification
QUANTIFICATION METHODS

Description

Erosion Function Apparatus

Also known as EFA, designed to model by Briaud et al.
2001, scour of bridge and use to measure rate of erosion
in both fine grained and course grained soils. (Wan and
Fell 2004a)

Hole Erosion Test

Also knows as HET and similar to SET is used to
measure rates of erosion and the critical hydraulic shear
stress to initiate piping erosion. (Wan and Fell 2004a)

Probability methods

Fitting Distributions directly to measurements, Structural
variable method (SVM), Joint probability method (JDP),
and Full temporal simulation using existing data are just
some of the methods used here. (Callaghan et al. 2008)

Light Detection and Ranging

The Airborne LIDAR technology allows for the
quantification of the storm induced beach/ coastline
changes in three dimensions at both small and large
scales (Zhang et al. 2005)

4.2 Remediation

4.2.1 Vegetation
Vegetation is defined as any brush or grass that encompasses different types of
plants species that grow from the high-water line (nearshore) to the backshore through the
sand dunes or mound formations on a shoreline (Beachapedia 2013; Wotton 2016). There

62

are three zones that form coastal vegetation dunes that are exposed to different levels of
soil salinity for different types of plants, as shown in Figure 4-9 for typical beach profile
(Wootton 2016). Sand dunes that have vegetation are stronger against storm surge and
wave action and act as a buffer against strong winds.

Figure 4-9: Typical beach profile section (Wootton 2016)

For Hurricane Katrina, the North breach of the London Avenue Canal distressed
section did not fail as shown in Figure 4-10, yet the soil properties were similar to South
breach (Seed et al. 2008d). While vegetation was present at both sites, north and south, it
had very little to no impact on protection from storm surge and made no difference. The
study under Seed et al. 2008d concluded that failure would have occurred with or without
vegetation due to lack of evidence and that significant vegetation should not be allowed
to be grown within critical inboard side toe region on levee system (Seed et al. 2008d).
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Figure 4-10: a) Right, view of the west bank breach near the north end of the London
Avenue canal, showing the top of the outboard side of the earthen embankment section
still in place and b) Left, East bank distressed section at the London Avenue canal (Seed
et al. 2008d).
New Orleans East and the St. Bernard protected basins had severe erosion and had
many things in common including the material that was used as construction fill, which
was dredged material from adjacent shipping channels, deposited at high water contents,
and the vegetation was not mature enough to withstand effectively wind-driven storm
surge (Seed et al. 2008a). This information can provide some evidence that vegetation can
be an effective erosion control to help reduce the impact on structures during hurricanes.

The effectiveness of vegetation against coastal soil erosion from hurricanes may
be compared with storm surge caused by a tsunami, except having a greater magnitude
of a force. A study conducted by Das et al. (2010) shows the effects of coastal
vegetation on the ground slope during storm surge. The effectiveness of coastal
vegetation depends on the beach zone, slope, density of vegetation, and width of beach
vegetated area (Das et al. 2010). The study showed that maximum water depth and
current velocity can be reduced on a wide beach, with a mild slope and a densely
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vegetated area, which dissipates storm surge energy more efficiently (Das at al. 2010).
Das et al. (2010) also developed a relationship that is helpful for understanding the
effectiveness of vegetation with storm surge energy.
PR of max value =

(Max value WOV − Max value WV)
Max Value WOV) x100%

where, %; PR is Percentage reduction of water depth and current velocities with
different vegetation species and densities, WOV is without vegetation, and WV is with
vegetation, with high PR value demonstrating greatest vegetation effectiveness (Das et
al. 2010). The most effective type of vegetation was double layers of 300m vegetation
strip with a 1:500 mild slope (Das et al. 2010).

4.2.2 Sand Dunes
On eroding coastlines, dunes respond by shifting landward as the beach erodes.
Along developed coastlines there is limited space for dunes to go inland, so the dunes are
exposed to more wave action, storm surge, and scarping (Wootton 2016). There are two
types: manmade and natural coastal sand dunes. It is typical for vegetation to grow on
natural dunes and for vegetation to be rooted on manmade dunes, while the natural dunes
are irregular in shape with multiple layers, manmade dunes tend to be more linear and
limit complexity for habitat and vegetation (Wootton 2016). Natural dunes are sometimes
modified with engineering controls such as revetment, seawalls, and bulkhead (Wootton
2016).
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During hurricane Harvey, as seen in Figure 4-11 a) vegetation dunes appeared to
be well established and minor erosion was observed; Figure 4-11 b) shows that minor
sand dune scarping was observed, which served as a barrier island (Stark et al. 2017a).
Figure 4-12 shows the original dune eroded during Hurricane Sandy in 2012, leaving
three feet of exposed piles and post-storm beach scarping, emergency dune construction
was done to prevent further damage (FEMA 2013). The dune failure of the dune itself
caused the extreme erosion of the piles; due to close proximity to the shoreline it is
difficult to protect the piles with a natural barrier. Although dune erosion was
widespread throughout the region, the presence of wide beaches and tall wide dune
fields reduced damage to buildings and infrastructure situated landward of the dunes
(FEMA 2013). During Hurricane Ivan in 2004, a five-story condominium in Orange
Beach, Alabama collapsed after the sand dune supporting the foundation eroded
(Stockdon et al. 2012). Sometimes this is the case on building with close proximity to
the beach.

a)

b)

Figure 4-11: a) Left vegetation dunes appeared to be well established and minor
erosion was observed and b) Right minor sand dune scarping observed during
Hurricane Harvey (Stark et al. 2017a).
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Figure 4-12: Original dune was lost during Hurricane Sandy in 2012 leaving three feet
of erosion exposed piles, and post-storm beach scraping and emergency dune
construction was done to prevent further damage (FEMA 2013).

4.2.3 Beach Nourishment
Beach nourishment or beach filling is defined as adding large quantities of
sediment or artificial sand to beaches to combat erosion and increase beach width
(Barber 2014 and Emery 1961). When devastating storms brutally weakened coasts,
emergency beach nourishment is often utilized as a way of rebuilding the beach and
accelerate dune recovery (Wootton 2016). The Army Corps of Engineers disposes of
dredge material that is then used for beach nourishment (Roger and De Meyer 1998).
This is an important aspect of beach nourishment and a way to sustain the beaches.
Recycling dredged material saves money and is a good alternative. Though it is
sustainable, caution should be taken because it may be contaminated. If the dredged
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material is not used, coarser fill material should be used to allow resistance to coastal
erosion (Roger and Meyer 1998).

The Office of Coastal Management Digital Coast, sponsored by NOAA, keeps a
database of all the nourishment project along the U.S. coastlines. According to the
database maintained by the American Shore and Beach Preservation Association
(ASBPA) more than 452 beach nourishment projects have been completed from 1923 to
2018 using more than 1.5 billion cubic yards of sediment and dredged material, with
more than $6.12 billion in costs (ASBPA and APTIM 2012). Florida is the leading state
with the highest beach nourishment projects, and volume of sediment with recorded
information from 1944 to 2018, with New Jersey, North Carolina, and New York being
in the top five. About 6.7 million cubic yards per year according to the sediment
transport database is spent just on beaches (e.g. the rest would be wetlands) (ASBPA
and APTIM, 2012). In 2016, Hurricane Matthew washed much of that sand away from
the beaches, leaving homes close to the shoreline in South Carolina more vulnerable to
storm surge, so FEMA appropriated $16 million to help replace that sand as beach
nourishment (Song and Shaw 2018).
The St. John Ocean pier in Florida has a history of severe erosion across the
shoreline from previous hurricanes. In 2003, the state of Florida teamed with the Army
Corps of Engineers to place 4.5 mcy of sand on St. Augustine beaches, and also place
2.8 mcy in 2005 as a re-nourishment response from the 2004 Hurricane season (Hudyma
et al. 2017). Figure 2-5 (in Chapter 2) shows aerial images of St Johns County Ocean
showing nourishment project, Hurricane Irma, with the aftermath of Hurricane Irma
(Hudyma et. al. 2017). The nourishment of the St. Johns County pier contributed to
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preventing the pier and more land from eroding further, while serving as a barrier for
erosion during Hurricane Irma in 2017. Nourishment projects are very expensive as it
requires sand transport from somewhere else for reposition to a new location,
construction can be very disturbing.

4.2.4 Engineering Controls
During Hurricane Sandy, the effectiveness of erosion control structures (e.g.,
bulkheads, seawalls, revetments) varied widely, depending on the height, age, and
condition of the structures, and on the beach condition (seaward) of the structures
(FEMA 2013). Many buildings were located within 10 to 20 feet of a shore-parallel
erosion control structure (e.g., seawall, bulkhead, revetment) during Sandy, many of
which were overtopped by storm waves and/or surge, resulting in flood and/or erosion
damage to nearby buildings even when the erosion control structure survived (FEMA
2013). Storm waves frequently overtop, damage, or destroy poorly designed,
constructed, or maintained erosion control devices (FEMA 2013). Land and buildings
behind an engineering control design are not safe from coastal flood and storm-induced
erosion or scour. Erosion of structures will happen during storms even with the presence
of an engineering control structure (FEMA 2013).

As discussed in the previous chapter, there are two different types of engineering
controls. Living shorelines, a soft approach, provides a more desirable erosion control
solution than hardened structures (Davis et al. 2015). Living shorelines significantly
improve the shoreline against coastal erosion due to the different designs that are
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available for the immediate hazard (Davis et al. 2015). Living shorelines are green
infrastructure technique using vegetation alone or in a combination with offshore
materials to stabilize the shoreline coasts (NOAA 2016). Living shorelines provide a
better approach as an engineering control, Figure 4-13 shows the difference between
hard and soft techniques for engineering controls incorporating the living shoreline
approach (NOAA 2016). "Living shorelines connect the land and water to stabilize
shorelines, reduce erosion, and provide valuable habitat that enhances coastal resilience”
(NOAA 2016). The living shorelines have also been proven to be effective at reducing
𝐶𝑂Q emissions, while maintaining a connection between the upland, habitat, and open
water areas, resilience to sea level rise, and against storm surge (NOAA 2016; Davis et
al. 2015). Figure 4-14 a-c shows examples of projects where living shorelines have been
completed with the before and after photos (NOAA 2018b).

Figure 4-13: Approaches for engineering controls between soft and hard structure and
their use. (NOAA 2016).
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Figure 4-14: a) Coxsackie Shoreline, Coxsackie, New York: Just after living shoreline
construction (left) and after vegetation growth (right) (NOAA 2018b).

Figure 4-14: b) NOAA Pivers Island, Beaufort, North Carolina: Before living
shoreline installation in 2000 (left) and after in 2014 (right) (NOAA 2018b).
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Figure 4-14: c) Powell Island, Washington before construction (left) and after
construction (right) (NOAA 2018b).

The most effective methods of defense against hurricane induced coastal soil
erosion are beach nourishment, living shorelines, and vegetation. Although beach
nourishment is disturbing and expensive due to initial placement, it makes the beach
wider, making it more effective than a narrow beach against storm surge. In the next
section beach nourishment will be analyzed. Table 4-4 shows a summary of the
remediation methods commonly used and a brief description.

Table 4-4: Summary Table of Remediation Methods
Vegetation

When in sand dunes help stabilize the dune and promote
growth by trapping wind-blown sand (Wootton, 2016).

Living shorelines

Living shorelines are green infrastructure technique
using vegetation alone or in a combination with offshore
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materials to stabilize the shoreline coasts against coastal
erosion (NOAA, 2016)
Beach nourishment

Shoreline strengthens by adding sediment. Beach filling
is adding large quantities of sediment or artificial sand to
beaches to combat erosion and increase beach width
(Barber, 2014 and Emery, 1961).

Sand Dunes

Sand Fencing is a control method for growth and
stabilization (Wootton, 2016).

4.3 Data and Comparison
Hurricane-induced coastal soil erosion is inevitable, but can be remediated and
the rate of erosion can be reduced to preserve land. One of the remediation methods
widely used is beach nourishment. A 25-year research database for beach nourishment
created by the Program for the Study of Developed Shorelines (PSDS) at Western
Carolina University provides data that represent a compilation of beach nourishment
projects in the United States from 1923 to 2016 (PSDS 2016). Figure 4-15 represents the
data for analysis from beach nourishment projects with volume of earth, U.S. State,
number of Nourishment events between 1923 and 2016, and costs associated with
construction activity. With 20 U.S. States identified, beach nourishment projects have
total over $5 billion spent replenishing with sediment and dredged material (PSDS
2016). As noted in Figure 4-15 Florida, California, North Carolina, New York, and New
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Jersey have had the most nourishment projects and most volume of sediment and or
dredged material emplaced.

Figure 4-16, shows data from the Study of Developed Shorelines at Western
Carolina University beach nourishment projects with top 8 states in the U.S. with the
most events from 1923 to 2016. Note, Delaware had 107 nourishment events, but the
amount of volume emplaced was much less than Louisiana with only 36 nourishment
events. California had the most volume emplaced with the lowest costs of construction
out of the eight states, even when it had less nourishment events than Florida which
ranks at the highest costs and number of events.
United States nourishment events between 1923-2016
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Figure 4-15: Data representation from the Study of Developed Shorelines at Western
Carolina University beach nourishment projects with volume of earth, U.S. State,
number of Nourishment events between 1923 and 2016, and costs associated with
construction activity.
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Figure 4-16: Represents data from the Study of Developed Shorelines at Western
Carolina University beach nourishment projects with top 8 U.S. States with the most
events from 1923 to 2016.

The total volume of emplacement at the top 8 States can be further divided into
emergency (replenishment after a hurricane event), shore protection, dredged material
navigation channel related and disposed on a beach, and unknown restoration efforts
(PSDS 2016). Figure 4-17 shows the distribution in percentages, noting that Delaware,
New York, and New Jersey have the highest percentages for emergency placement with
at least 15% of total volume; North Carolina, New York, and Florida have the highest
percentages of dredged materials. It is also noted that most States have at least 30% of
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total volume placed that was for shoreline protection. The unknown restoration efforts
could represent the benefit for habitat and could be shore protection, but due to the poor
quality of records it is unknown.

Total Volume distribution of used sediment in Nourishment Projects
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Figure 4-17: Represents data from the Study of Developed Shorelines at Western
Carolina University beach nourishment projects with top 8 U.S. States divided in
emergency placement, dredged material, shore protection out of the total volume
emplaced on the shorelines.

Sand dunes and vegetation with a slope, when combined, act as a better buffer
against storm surge, preventing erosion and flooding. It is suggested that vegetation be a
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certain length and type of species to be effective. In a study by Gittman et al. (2014),
under a Category 1 hurricane, marsh with sill and marsh without sill were studied and
compared with bulkheads and riprap revetment to determine effectiveness of
engineering control; bulkheads documented poor performance. Nevertheless, hardened
structure would be more expensive over time due to the cost of maintenance and needs
to be further evaluated in future research.

Probability methods can provide an idea of soil erosion prediction of volume
change, however, the JPD method can only take into account subsequent storms data of
3-10 years at a time, while, SDS is only good for predicting data 3 years or less and does
not take into account storm sequencing. This method of quantification is limited by data
required to conduct analysis, as it required decades of data. A combined method of
Aerial photographs and airborne LIDAR seem to give the best estimates for volume of
eroded soil. This combined effect is used the most by USGS and scientist to quantify
coastal soil erosion. Figure 4-18 shows Category 4, pre and post Hurricane Michael
aerial photos of Capa San Blas, Florida, here the predicted inundation by USGS was
only 26% (USGS 2018) and Figure 4-19 show an example of a pre and post hurricane
Sandy photo (USGS 2016). Figure 4-20 shows the output results from LIDAR
topography photo measures and identifies elevation differences. The combined method
is effective because visualization of area is important to understand and be able to
estimate quantity of volume loss with data from LIDAR.
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Figure 4-18: Shows Pre- and Post-Hurricane Michael in 2018 Aerial photo of Cape
San Blas in Florida. (USGS 2018)

Figure 4-19: Shows Pre- and Post-Hurricane Sandy in 2012 Aerial photo of
Mantoloking, New Jersey, a few days after storm (USGS 2016).
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Figure 4-20: Shows Pre- and Post-Hurricane Sandy in 2012 LIDAR Aerial photo of
Mantoloking, New Jersey, conducted immediately after storm (USGS 2016).
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS

As the number of hurricanes is likely to increase every year, many coastal
communities will be faced with hurricane-induced coastal soil erosion. While this is not
a new topic of concern, more needs to be done in the field of science and engineering to
identify and quantify factors affecting coastal soil erosion. Efficient methods of
mitigating and reducing coastal soil erosion need to be implemented, including effective
engineering control design.

Factors that influence coastal soil erosion include shoreline topography, wind
and wave energy, erodibility of soil, and engineering controls, but more factors need to
be identified in order to fully understand the mechanisms involved in coastal soil
erosion. Engineering properties of soil and the characteristics of the force of the
hurricane magnitude with different intensities need to be studied.

Although there are established testing methods for quantifying and estimating
soil erosion, a method to accurately quantify the amount of soil eroded during a given
storm event still lacks, due to the various factors involved in the complex coastal erosion
process, and more field data are needed for further analysis. The beach nourishment

80

analysis provides a good picture of the state of erosion and costs associated with the
shoreline protection.

Coastal community managers should take the best approach possible in
preserving the shoreline using the most effective methods to fight against hurricane
induced coastal erosion, employing appropriate engineering control for the storm hazard.
The effectiveness of the remediation methods described here need to be studied further
under hurricane conditions to be able to make the best conclusions for management
approaches for saving on future costs, repairs, and saving lives. Note that while these
remediation methods may not eliminate erosion completely, it helps manage and reduce
costs overtime, making coastlines more resilient against shoreline recession.
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