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Abstract 

THE EFFECT OF SIMULATED MANGROVE FOREST WIDTH ON 

SHORELINE STABILIZATION AT MULTIPLE TIDAL WATER LEVELS 

 

By James Edward Austin, B.S. Clemson University 

 

Chairperson of Advisory Committee: Robert J. Weaver, Ph.D. 

Red mangrove (Rhizophora mangle) forests protect hundreds of miles of Florida’s 

shorelines from erosion and wave damage associated with severe storms and daily 

wave action. Shorelines are often protected from erosion with man-made structures 

such as seawalls, revetments, and breakwaters. However, these man-made 

structures disrupt natural ecosystems and cause scour and erosion in surrounding 

areas. The presence of mangroves not only prevents erosion but shelters marine life 

and filters water, promoting ecological health. Mangroves are now being 

implemented for wave energy reduction and shoreline stabilization, but there is 

little quantitative data about the precise sediment transport induced or prevented by 

mangroves in Florida. This study simulates shoreline sediment transport through 

mangroves in a Florida estuary using average wave conditions and annual water 

level fluctuations to determine necessary widths for shoreline stabilization. A 

dowel system was verified as a physical representation of live red mangroves for 
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wave dissipation effects. The sediment transport in the laboratory simulated the 

cross-shore sediment transport for coastlines with existing mangroves and similar 

estuarine parameters. Knowing the effective forest width for shoreline stabilization 

at multiple seasonal water levels will aid implementation of mangroves as living 

shorelines in areas such as the IRL where multiple water level dynamics occur. 

Planting the proper forest width will stabilize the shoreline and ensure the plant’s 

survival. Knowing the minimum width needed will also allow the plant to be 

installed efficiently over a large amount of shoreline. Use of mangroves for 

shoreline stabilization and living breakwaters will be beneficial to the plant itself 

and the health of tropical ecosystem. 
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1. INTRODUCTION 

In the continental United States, approximately 14% of the total length of 

shoreline has been “hardened”, or artificially armored, with structures such as 

seawalls, revetments, and breakwaters, leaving the large majority to be protected 

naturally or completely unprotected (Gittman et al., 2015). In estuaries, shorelines 

are exposed to constant wave attacks from boat wakes and daily winds (Bilkovic et 

al., 2017). Wave action and currents create bed shear stress as well as a vertical 

velocity component which can lift sediment off the bottom and suspend it into the 

water column. This suspended sediment is then carried away and deposited at 

another location once the sediment fall velocity is greater than the vertical water 

velocity (van Rijn, 1986). This can result in shoreline erosion, threaten upland 

structures, and cause loss of ecological habitat. Shoreline hardening techniques, 

such as revetments and seawalls, aim to attenuate the wave energy and stabilize the 

shoreline. However, artificial structures like these cause scour, destroy habitats, and 

often require costly maintenance. This study investigates mangrove forests, known 

to reduce wave energy, which provide ecological habitat and are economically 

beneficial.  This study presents a detailed analysis of the effect of mangrove forest 

width on shoreline stabilization at multiple water levels.  
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Shorelines and Erosion 

 Coastal ecosystems make up less than 10% of the area of the U.S. but hold 

two thirds of total U.S. fisheries and are home to nearly half of all threatened and 

endangered species (U.S. Fish and Wildlife Service, 1995). In Florida, shoreline 

erosion is caused by storms, daily wave action, currents, and boat wake (Bauer, 

2002; Dean, 1976). According to data from a 2019 report, Florida’s coastline has 

approximately 420 miles of “critically eroded beach” (Clark, 2019). This erosion 

has a damaging ecological and economic impact. Erosion can destroy homes and 

businesses, and remove tourist attractions such as waterfront parks and beaches, 

which negatively affects the economy of a coastal community 

 

Nature Based Solutions  

In the past, the response to erosion has primarily been shoreline armoring. 

Shoreline armoring or shoreline hardening refers to the use of structures such as 

breakwaters, revetments, and seawalls. These structures destroy habitats and can 

lead to scour and downdrift erosion (Ruggiero et al., 2010). Nature-based solutions 

such as oyster mat breakwaters and installation of marsh grass have recently been 

used to prevent erosion. These solutions stabilize shorelines without the negative 

effects seen using shoreline armoring (Scyphers et al., 2011; Manis, 2013). 
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With a recent increase in the desire for nature-based coastal protection, 

there has been an increase in the use of mangroves as shoreline stabilization 

(McIvor et al., 2012). Mangrove forests are well known for their ability to attenuate 

wave energy with their dense root systems and leaves, and are being installed for 

shoreline stabilization and as natural wave breaks (Hashim et al., 2013). It is 

common practice for boats to be brought into canals cut from mangrove forests for 

protection as they seek refuge from hurricanes, Figure 1 (Dunson, 2017).  

 

Figure 1: Ships taking refuge in a mangrove forest (Dunson, 2017) 

 

Florida Mangroves 

There are three types of mangroves that exist in Florida, the red mangrove 

(Rhizophora mangle), the white mangrove (Luguncularia racemosa), and the black 
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mangrove (Avicennia germinans). While the general term ‘mangrove’ is 

paraphyletic, meaning it does not denote members of a species or phylum, the red 

mangrove is of the genus Rhizophora and species mangle. The red mangrove is 

species of focus for this study because it is found at lower elevations than the other 

species and typically partially submerged along a shoreline. The red mangrove has 

above ground roots, called prop roots, which span from the branches to the ground. 

These roots can extend a meter or more above the ground (Odum et al., 1982). The 

prop roots add stability to the plant and create a dense root system above the 

ground. The density of the mangrove’s prop roots, branches, and leaves creates a 

large amount of drag, which in turn attenuates waves and currents. Many properties 

of the tree affect the amount of wave attenuation achieved, including the species, 

the width of the forest, and age (Hashim et al., 2013). In a review of multiple 

studies on wave attenuation by mangroves, McIvor found that waves travelling 

through 500 m of mangrove forest are observed to decrease in height by 50 to 99% 

(McIvor et al., 2012). The position of mangroves relative to the water and their 

ability to attenuate wave and current energy can minimize erosion of the shoreline.  

Mangroves provide habitats for hundreds of species of marine life and filter 

the water they live in (Thayer et al., 1987; Odum et al., 1982). In addition to the 

ecological benefits, mangroves provide an enormous economic benefit to the area 

they inhabit. The fish that spawn and live in mangrove forests create bountiful 
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fisheries for both commercial and recreational use. The wave attenuation properties 

of mangroves provide protection of expensive upland property. Mangroves can also 

be harvested for their wood from the trunks, roots, and branches. It is estimated that 

over a period of one year, a hectare of mangrove forest is valued between $3,625 

and $26,735 (Rizal, 2018). 

Mangroves are one of the world’s most productive ecosystems, exceeding 

both sea and marsh grass ecosystems which also thrive in many estuaries 

worldwide (Odum et al., 1982). Productivity, in this sense, defines the rate at which 

the plant produces biomasses such as leaves, branches, roots, etc. The productivity 

changes with the location relative to the ocean and the mainland. The lowest 

productivity is at the ocean and the tributary creeks of the estuaries. The highest 

production occurs in between those two areas, often where an estuary is located 

(Lugo et al., 1976; Carter et al., 1973). Lugo et al. and Carter et al. hypothesized 

the low productivity at the ocean was due to a lack of nutrients and large coastal 

energy, and the low productivity far inland was due to a low salinity driving 

competition of other species. Between the two locations, there is a proper amount 

of salinity, nutrients, and coastal energy for the plant to thrive and produce large 

quantities of biomass (Lugo et al., 1976; Carter et al., 1973). 

Nearly 7% of the world’s tropical coastlines between latitudes 25 degrees 

north and 25 degrees south are occupied by mangroves (McGill, 1959). The 
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location of mangroves is dependent on four factors; climate, salinity of the water 

and soil, tidal fluctuation, and makeup of the substrate (Odum et al., 1982). 

Mangroves inhabit tropical climates because the temperatures are warm year-round 

and rarely drop below freezing. Because they are facultative halophytes, they can 

grow in saltwater and freshwater, however, they thrive in saltwater due to a lack of 

competition from other plants (Kuenzler, 1974). The tidal fluctuation is important 

to mangroves because it reduces competition, increases salinity in estuaries, and 

carries propagules to new locations (Odum et al., 1982). Mangroves can grow on 

many types of substrate but thrive on fine-grained anerobic soil. Low energy 

shorelines allow for the deposition of finer sediment, creating an ideal substrate for 

the plant (Odum et al., 1982).  

In Florida, mangrove forests line a significant portion of the shorelines in 

rivers and estuaries like the Indian River Lagoon (IRL), on Florida’s east coast. 

Their dense root systems and ability to process high salinity water allows them to 

grow in areas like the IRL, which is composed of brackish water and experiences 

wave energy from boat wakes, daily winds, and storms. Knowing the precise 

sediment transport caused by mangroves in specific environments will aid in 

effective implementation.  

 



7 

 

  

Estuarine Parameters  

Mangrove forests typically develop on the low energy shorelines of mid-

latitude estuaries that experience smaller wave heights and weaker current (Odum 

et al., 1982). Almost 8,000 acres of mangroves exist in an FDEP study site between 

St. Lucie Inlet and Satellite Beach in the IRL (FDEP, 2018).  

Because mangrove forests are commonly found on the shorelines of 

estuaries like the IRL, model parameters were chosen to represent those estuarine 

conditions. The estuarine parameters that were modeled in this study were wave 

height, wave period, shore profile, and sediment type.  

The shoreline of the IRL is made up of mostly shelly sand and clay with a 

small portion of medium to fine sand and silt to the south (FDEPMapDirect, 2018). 

Figure 2 depicts the sediment distribution of Melbourne within 10 feet of the land 

surface, determined by the FDEP. In the U.S., the Unified Soil Classification 

System (USCS) is the primary system to classify sediments of different grain sizes 

for engineering purposes (ASTM, 2017). Mangroves typically grow best in 

anaerobic fine sediment. There are three main soil types in which mangroves grow 

in Florida: calcareous marl mud, calcareous sand in southern Florida, and siliceous 

sand in northern Florida (Kuenzler, 1974). Mud is a sediment made up of silt and 

clay (Williams, 2006). Calcareous soils have a large amount of calcium carbonate 

(CaCO3) from shell fragments (Wang et al., 2011). Marl is a clay which is rich in 
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lime, a sediment which is also comprised of shell fragments with high amounts of 

CaCO3. The shelly sand and clay that lines the IRL shoreline is the same 

calcareous marl mud and calcareous sand in which mangroves grow in Florida.  

 

Figure 2: Rock and sediment distribution around the IRL (Geologic Maps and 

Cross Sections Map by FDEPMapDirect) 
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Figure 3: Unified Soil Classification System (ASTM, 2017) 
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2. MATERIALS AND METHODS 

In this study, a validated dowel system described below was used in the 

wave tank at Florida Tech to model sediment transport around mangroves on an 

estuarine shoreline. The sediment transport was induced by waves that were 

propagated along the length of the tank toward a sediment profile representing a 

typical shoreline along the IRL. The dowel system and its effect on sediment 

transport were the focus of the study, through adjusting the width and density of the 

dowels. The initial and final sediment profiles for each dowel system width was 

marked on the glass sides of the tank. The sediment transport was determined by 

analyzing the difference between these two profiles.  

Parameters of the model were deliberately chosen to represent 

characteristics of the IRL. The dowel system width in the model represents 

mangrove forest width in the cross-shore direction. The water level fluctuations of 

the IRL are represented in the physical model by three water depths, shown in 

Figure 6. The water depths in the IRL that are represented in the model are the 

mean sea level (MSL), the mean high water level (MHW), and the annual high 

water level (AHW) (Weaver et al., 2016). The mean sea level is the average sea 

level height over a national Epoch. The MHW is the average of water depths at 

high tide over a national Epoch. The AHW is the highest seasonal water level 

achieved over a given year. In the IRL, the MHW is approximately 7.2 inches 
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NAVD and the AHW is approximately 11.4 inches (Weaver et al., 2016). For the 

purposes of this study, the MSL in the IRL and in the model was assumed to be 3 

inches below MHW or 4 inches NAVD.  

There is minimal field data on wave heights in the IRL or any Florida 

estuary, but an average expected wave height was calculated using a wind speed, 

fetch, and water depth. The wind speed was calculated from data recorded by a 

NOAA station. The fetch was defined as the open span of water across the width of 

the IRL. The depth in the northern extent of the IRL ranges from 1 to 11 feet, 

shown in Figure 4, at the datum mean lower low water (MLLW). Along most of the 

shoreline in Figure 4, the water depth is 1 foot. Water depths in the IRL typically 

range from 3 to 6 feet (Woodward-Clyde Consultants, 1994). A depth of 6 feet was 

used for wave height calculations.  

The wind speed used for calculations is the average wind speed from 2013 

to 2018 at Sebastian Inlet. The data comes from station SIPF1 from the National 

Data Buoy Center (NDBC) of the National Oceanic and Atmospheric 

Administration (NOAA). The station is owned and maintained by Florida Tech and 

the location is shown in Figure 5. The average wind speed was determined to be 4.8 

m/s or 10.8 mph.  

The wave height will be limited by either the amount of fetch or the water 

depth. The fetch is the span of open water over which the wind is blowing. The 



12 

 

  

width of the IRL ranges from 1.2 to 2.5 miles and the greater fetch of 2.5 miles 

(13,200 feet) was used (Weaver et al., 2016). Fetch limited wave height can be 

found by solving Eq. 1 from the Shore Protection Manual for wave height: 

𝑔𝐻

𝑈𝐴
2 = 0.283 tanh [

𝑔𝑑

𝑈𝐴
2]

3

4
 tanh

[
 
 
 0.00565(

𝑔𝐹

𝑈𝐴
2)

1
2

tanh0.53(
𝑔𝑑

𝑈𝐴
2)

3 
4

]
 
 
 

                 (1) 

Where g is the gravitational constant, H is the fetch limited wave height, UA is the 

wind speed, d is water depth, and F is fetch. The depth limited wave height can be 

calculated simply by: 

𝐻 = 0.78 ∗ 𝑑                                                    (2) 

where d is the depth of the water. For all water depths in this study, the fetch 

limited wave height governed at a height of 0.5 feet at a period of 1.5 seconds.  
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Figure 4: Mean lower low water depths of a section of the IRL (NOAA chart 

11472) 
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Figure 5: Location of station SIPF1 (NOAA NDBC, Esri) 

Other properties of the model including sediment grain size and dowel 

diameter were compared with sediment samples and mangrove prop root diameter 

measurements taken from the IRL to determine the scale used for testing. 
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Figure 6: Layout of wave tank with changing water level and dowel system 

width 

Model Parameters 

In previous studies, mangroves around the world have been studied in-situ 

for their ability to attenuate wave height and energy (McIvor et al., 2012). In 2018, 

Weaver et al. performed a study to validate a parameterized dowel system using 

live red mangroves in the wave tank at Florida Tech. The mangroves used were 3-

10 years old, had a front area coverage of 50% and had a total forest width in the 

wave tank of 4.75 feet, Figure 7. The dowel system was composed of ½ inch 

diameter dowels held in place at the top of the tank with three ¾ inch sheets of 

plywood, for a density of 18 mangroves per square foot. The system had a width of 

4.75 feet when all three sheets of plywood were used, which was equal to the forest 
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width of the mangroves in the tank (Weaver et al., 2018). The tank had a flap 

paddle at one end which propagated waves in the tank. Ten inches of sediment was 

placed at the bottom of the tank to hold the dowels and mangroves in place.  Wave 

heights were measured, but sediment transport was not. They were able to 

successfully model the wave attenuation of the live red mangroves with only a 

3.2% difference between the dowel system and mangroves.  

 

Figure 7: Live red mangroves in the Florida Tech wave tank 

For this study, the same validated dowel system was used to model the 

sediment transport of waves breaking on a mangrove-lined shoreline. An average 

wave height, water depth, and shoreline sediment profile in the IRL were 

determined from NOAA chart 11472 (NOAA, 1963). The variation in water levels 

was determined from three long-term water level gauges maintained by the Coastal 

Lab at Florida Tech (Weaver et. al, 2016). A one-to-one scale model was set up in 
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the wave tank at Florida Tech and waves were propagated towards the sediment 

profile with the dowel system. Different numbers of dowel bands were used to 

represent different widths of a mangrove forest.  

 

Field Measurements 

 Field measurements of sediment distribution as well as prop root thickness 

and density were collected along the shore of the IRL, prior to sediment transport 

testing. This section discusses measurement procedures, as well as the data 

collected and its significance.  

Three sediment samples were collected from Riverview Park, adjacent to 

the IRL in Melbourne, Figure 9. The three sediment samples were obtained from 

the following water lines: 1) just above the mean high-water line, 2) at the mean 

high-water line, and 3) just below the mean high-water line. Although there were 

mangroves at Riverview Park, the sediment samples were collected away from the 

mangroves. Three sediment samples were also collected from the model wave tank 

to be compared with the field collections. This was done using a sieve analysis of 

all six samples that compares the properties of the lab sediments with the field 

sediments, which is outlined further below. 

The ASTM standard test methods outlines a procedure for grain size 

distribution analysis and was used for this study (ASTM, 2019). Once the samples 
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were collected, they were dried in an oven to remove any water and resulted in each 

of the six sediment samples having a minimum dry mass of 300 grams. The six 

sieves that were used were No. 10, 18, 40, 60, 100, 140 and 230, which categorizes 

the samples into sizes ranging from very coarse sand to fines (a combination of 

clay and silt). As the sieves were shaken, the sediment fell through the series of 

smaller and smaller meshes. The mesh size associated with each sieve is known 

and the sediments that were unable to pass through a given sieve had a bigger grain 

size than the mesh opening. Each sieve was then weighed, and the amount of 

sediment trapped in each sieve was determined. This information was used to 

calculate the grain size distribution of the sediment sample. Sieve number 230 traps 

any sediment that is larger than 0.063 mm, allowing everything finer to pass. 

Sediment which is smaller than 0.063 mm in diameter is either clay or silt and is 

classified as “fine”, and is the sediment in which mangroves thrive. After the 

ASTM procedure was performed and the results were recorded, a graph of percent 

finer by weight vs. sediment diameter was created to obtain the median sediment 

diameter, D50, for the average of the lab samples and the average of the field 

samples, shown in Figure 8. 

In addition to grain size distribution, the sediment fall velocity is of great 

importance to sediment transport. The Coastal Engineering Manual (CEM) 

equation for sediment fall velocity, 𝑤𝑓 , is given as 
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𝑤𝑓 = √(
4∗𝑔∗𝐷

3∗𝐶𝐷
) ∗ (

𝜌𝑠

𝜌𝑤
− 1)                                       (3) 

Where g is the gravitational constant, D is the sediment diameter, CD is the drag 

coefficient, 𝜌𝑠 is the density of sediment, and 𝜌𝑤 is the density of water (CEM, 

2020).  

Grain size distribution curves for the average of the 3 lab samples and the 

average of the 3 field samples were plotted in Figure 8. The average D50 was 0.28 

mm for the 3 samples of sediment in the wave tank and 0.40 mm for the 3 field 

samples. The large grain size may be due to the sediment being sampled away from 

the mangroves at Riverview Park. The average lab sediment fall velocity and 

average field sediment fall velocity were calculated to be 0.17 m/s and 0.20 m/s, 

respectively. The median grain size and fall velocity for both sediment samples are 

shown in Table 1.  
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Figure 8: Percent finer by weight of lab and field sediment. The lab sample is 

in blue and the field sample is in orange.  

Table 1: Sediment properties of lab and field samples 

 Field Samples (Avg.) Lab Samples (Avg.) 

Median Grain Size (mm) 0.4 0.28 

Fall Velocity (m/s) 0.2 0.17 

 

The sediment size distribution for the average of the lab samples and 

average of the field samples share nearly equivalent values of percent finer at each 

sieve size. The average D50 values for the lab and field samples were within 30% of 

each other. The average fall velocities of the lab and field sediments are very 
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similar and only differ by 15%. The similarity between the lab and field sediment 

for the D50 and fall velocity allows a one-to-one scale for the model. 

Red mangrove diameter measurements were taken from the shore of the 

IRL at Riverview Park at the location shown in Figure 9 and Figure 10. A 

combination of 7 prop root and aerial root diameters were measured from 2 

mangrove trees. The diameters were measured using a Husky Digital Caliper, 

Figure 11. The field diameter measurements were compared to the known half-inch 

diameter of the wood dowels. The diameters of the red mangrove prop and aerial 

roots measured at Riverview Park ranged from 0.36 inches to 1.12 inches with an 

average of 0.67 inches. This was a 25% difference from the diameter of the dowels 

used in the model. The dowel diameter was close in value to the average field 

mangrove diameter and a one-to-one scale was used for the dowels in the model. 
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Figure 9: Aerial of Riverview Park (Google Earth) 

 

Figure 10: Red mangrove on the shoreline of Riverview Park 
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Figure 11: Measurement of a red mangrove aerial root 

Wave Tank 

The wave tank at Florida Tech is 29.5 feet by 22.5 inches, with a 3 foot 

depth.  For the purpose of this study, the x axis will be along the width of the tank 

(parallel to the propagating waves), the y axis will be perpendicular to the 

propagating waves, and the z axis will be the elevation. A sediment profile was 

built in the wave tank, Figure 12. An A-frame was placed behind the profile at the 

back of the wave tank to limit the reflection of incident waves. The profile 

consisted of a 2-foot long berm at a constant height of 18 inches. The berm ended 

at 2 feet from the A-frame (in the x-direction) and met a face with a downward 

slope of 1:4 vertical to horizontal. The face sloped down over a horizontal span of 6 
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feet where it met the bottom of the tank. The total volume of sediment used was 

14.1 cubic feet. Stations were marked with measuring tape at 1 foot increments in 

the x-direction along the side of the tank, Figure 12. Station 7 had existing 

measuring tape attached to the metal frame. Water depth, wave height, and 

sediment height are recorded at each of the 11 stations. 

 

Figure 12: Initial sediment profile with 1 foot of water and stations 

The dowel system was centered at station 4, a distance of 4 feet from the A-

frame in the x-direction. Station 4 was where the waterline meets the sediment 

profile when the water depth was 1 foot. The dowels were hammered 

approximately 5 inches into the sand.  

At each dowel system width, the test was repeated for water depths of 9, 12, 

and 15 inches, which represented MSL, MHW, and AHW, respectively. Waves 

were propagated toward the profile with a piston paddle at the opposite end of the 

tank. The piston paddle created an initial wave height of 0.5 feet for all three water 

depths. The range of motion of the piston paddle was changed accordingly to 
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maintain a constant wave height at for both water depths. The wave period and the 

wavelength were held constant at 1.67 seconds and 9 feet, respectively. The wave 

steepness was calculated to be 0.05. 

 

Dowel Frame  

For this study the validated dowel system described above was used to 

represent mangroves. A plywood frame was used to hold 0.5-inch diameter, 

wooden dowels to model live red mangroves. The frame was 24 inches long and 22 

inches wide and drilled with 677 half-inch holes, Figure 13. The frame consisted of 

columns and rows with equally spaced holes. A column was defined as a set of 

holes that share the same y value (e.g. along the tank). A column is 0.5 inches wide 

and parallel to the direction of the waves. A row is a set of holes that share the 

same x value (e.g. across the tank). A row is 0.5 inches wide and is perpendicular 

to the direction of the waves. The frame has 32-33 holes per column and 20-21 

holes per row. For this study, a band of dowels is defined as 6 consecutive rows 

and is approximately equal to 4 inches in the x-direction and the entire length of the 

frame in the y-direction. There are 6 bands per dowel frame. The different number 

of bands in the dowel frame can be seen in Figures 14 through 17. Each wooden 

dowel is approximately 4 feet long (in the z-direction) and fits tightly into the holes 

of the frame. The front area coverage is the percentage of the projected area to total 
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area in the y-z plane that is occupied by 1 band of dowels. The holes in the frame 

were offset so that 100% coverage was achieved by placing 41 dowels, one dowel 

into each hole of a different column so that every column had one dowel in it. A 

band of dowels consists of 41 dowels at 100% front area coverage.  

 

Figure 13: Schematic of dowel frame 
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Figure 14: Dowel frame with 1 band of dowels 

 

Figure 15: Dowel frame with 2 bands of dowels 
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Figure 16: Dowel frame with 4 bands of dowels 

 

Figure 17: Dowel frame with 6 bands of dowels 
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The dimensions of a band are approximately 4 inches in the x-direction and 

21 in the y-direction wide. This equals an area of approximately 84 square inches 

per band. Each 0.5-inch dowel has a cross-sectional area of 0.2 square inches. At a 

constant area over depth, 41 dowels in 1 band gives a VD/VT of 0.1, where VD is the 

volume of dowels in a band and VT is the total volume in a band. The volume ratio 

of 0.1, calculated for the dowel system, is a volume ratio of red mangroves 

commonly found in the wild (Mazda et al., 1997).  

 

Initial Testing 

For the 1st round of tests, the wave tank was filled with water to a depth of 

1-foot to represent mean high water level (MHW) in the IRL. Waves with an 

amplitude of 0.25 feet were generated continuously propagated until the sediment 

profile reached equilibrium. The profile is considered to be in equilibrium once 

there is no measurable change in sediment elevation along the profile. The entire 

process was video recorded and photo documented. Equilibrium was determined to 

occur at approximately 3 hours and 23 minutes from the start of the test. Snapshots 

of the equilibrium profile from all the tests were captured at the 3 hour and 23-

minute mark, and are shown in Appendix A. The first test was the control and 

consisted of waves propagated toward the sediment profile with no dowels on the 

profile. For the second test, one band of dowels was loaded into the frame and 
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positioned in the wave tank centered at the water line, Figure 16. Waves were 

generated continuously until the profile reached equilibrium. The test was repeated 

three times with two bands, four bands and six bands of dowels, Figures 19 - 21. 

Those five total tests were repeated two additional times for a total of three tests for 

each number of bands. After every test, the wave tank was drained, the initial 

profile was rebuilt, and the tank was refilled.  

The change in sediment profile from the initial to the equilibrium profile 

was recorded at each station. The sediment transport between stations was 

calculated based on the change in sediment height. The total net gains and losses 

for the stations 0 through 4 (leeward of the dowel system center) and 4 through 10 

(waterward of the dowel system center) were calculated. The absolute value of the 

total sediment loss and total sediment gain in the system should be equal at all 

times; however, this is not the case with most of the results due to a loss in 

accuracy by only measuring sediment height at every foot. The horizontal distance 

of berm retreat from the initial profile to equilibrium was estimated from the 

Figures in Appendix A. Shoreline stabilization was measured by how similar the 

equilibrium sediment heights were to the initial profile. These results give an 

indication of the effect of mangrove width represented by the number of bands on 

the erosion and deposition of the sediment.  
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Figure 18: Initial profile with 1 band of dowels at 1-foot water depth 

 

Figure 19: Initial profile with 2 bands of dowels at 1-foot water depth 

 

Figure 20: Initial profile with 4 bands of dowels at 1-foot water depth 
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Figure 21: Initial profile with 6 bands of dowels at 1-foot water depth 

Annual High Water and Mean Sea Level Tests 

For the second round of testing, the water level was lowered to 9 inches, to 

represent the MSL in the IRL. The MSL is the average tidal height over the 

national tidal epoch. For the first test, 0.5-foot waves were propagated toward the 

initial profile with no dowels on it until the sediment profile reached equilibrium. 

The same procedure was repeated at the same water level for the next three tests 

using one band, two bands, and six bands of dowels.  The test using four bands of 

dowels was not performed as previous testing indicated that it would not yield 

significantly different results. After the MSL tests were completed, the water level 

was raised to 15 inches, which represents the annual high water (AHW) in the IRL. 

The same methods used for the four MSL tests were performed at AHW. Figure 22 

shows the elevations of the water (in the z-direction) for the three rounds of testing, 

and the width of the dowel system (in the x-direction) for the different number of 
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bands. For the MSL and AHW tests, the sediment transport and berm retreat were 

recorded and analyzed in the same way as the MHW tests.  

 

Figure 22: Layout of the wave tank 
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3. RESULTS 

The difference between equilibrium sediment height and the initial profile 

at each station, and the amount of horizontal berm retreat (in the x-direction) were 

recorded and analyzed for this study to determine how much the profile maintained 

the shape of the initial profile. The equilibrium sediment height at each station for 

all the tests in this study are shown in Appendix B. The different tests at MHW 

used no dowels, one band, two bands, four bands, and six bands of dowels, each 

performed 3 times. The tests performed at MSL and AHW used no dowels, one 

band, two bands, and six bands of dowels, each performed only one time, due to the 

accuracy of the individual test results to the average test result, determined in the 

MHW tests. The data in Appendix B is used for calculations and analysis in this 

section. 

 

Equilibrium Profile with No Dowels at Mean High Water Level 

At each station, the average equilibrium profile sediment height and the 

range of sediment height of the three tests with no dowels are shown in Figure 23. 

These tests had the highest variability of sediment height compared to the other 

tests at a 1-foot water depth. The average range of sediment height at the stations 

was 2.6 inches. The most variability was in station 2, which ranged from a height 

of 10.5 inches in the first test to a height of 15.5 inches in the third test. The berm 
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recession varied from 15 inches in the third test to a total berm retreat of 24 inches 

in both tests 1 and 2.  

 

Figure 23: Average equilibrium profile of 3 tests using no dowels 

 

Equilibrium Profile with One Band at Mean High Water Level 

The average equilibrium profile sediment height and the range of sediment 

height for the 3 tests with one band of dowels are shown at each station in Figure 24. 

The tests with one band had the second most variability of equilibrium profile 

sediment height compared to the other tests at a 1-foot water depth. For these tests, 
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the stations had an average range of sediment height of 2.0 inches. The most 

variability was in station 8, which ranged from a height of 3.0 inches in the first test 

to 7.0 inches in the second test. The berm recession varied from 12 inches in the first 

test to a total berm retreat of 24 inches in the third test.  

 

Figure 24: Average equilibrium profile of 3 tests using 1 band of dowels 

 

Equilibrium Profile with Two Bands at Mean High Water Level 

The average equilibrium profile sediment height and the variability between 

the 3 tests with two bands of dowels are shown at each station in Figure 25. The 
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tests with two bands had the least variability of equilibrium profile sediment height 

compared to the other tests at a 1-foot water depth. For these tests, the stations had 

an average range of sediment height of 0.5 inches. The most variability was 1.5 

inches at station 7, which ranged from a height of 5.5 inches in the second test to a 

height of 7.0 inches in the first and third test. The berm recession was 4 inches for 

all three tests.  

 

Figure 25: Average equilibrium profile of 3 tests using 2 bands of dowels 
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Equilibrium Profile with Four Bands at Mean High Water Level 

The average equilibrium profile sediment height and the variability between 

the 3 tests with four bands of dowels at a 1-foot water depth are shown at each 

station in Figure 26. For these tests, the stations had an average range of 1.0 inch of 

sediment height. The most variability was in station 7, which ranged from a height 

of 5.0 inches in the third test to a height of 8.0 inches in the first test. The berm 

recession varied from 4 inches in the third test to 7 inches in the first. 

 

Figure 26: Average equilibrium profile of 3 tests using 4 bands of dowels 
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Equilibrium Profile with Six Bands at Mean High Water Level 

The average equilibrium profile sediment height and the range of sediment 

heights for the 3 tests with six bands of dowels at a 1-foot water depth are shown at 

each station in Figure 27. For these tests, the stations had an average range of 

sediment height of 0.6 inches. The most variability was at station 7, which ranged 

from a height of 5.5 inches in the second test to a height of 7.5 inches in the third 

test. The berm recession varied from 5 inches in the first and third tests to 10 inches 

in the second test.  

 

Figure 27: Average equilibrium profile of 3 tests using 6 bands of dowels 
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Equilibrium Profile Averages at Mean High Water Level 

The average equilibrium profile sediment heights for each number of dowel 

bands at a 1-foot water depth are shown in Table 2. Figure 28 compares the average 

equilibrium profile sediment heights of the control, one band, and two bands of 

dowels. The average sediment heights are larger leeward of the dowels and smaller 

waterward of the dowels for two bands than for one band. The shoreline was 

stabilized more with two bands of dowels than with one. 

Table 2: Average equilibrium profile sediment heights for each number of 

dowel bands  

 Average Equilibrium Profile Sediment Height (ft) of Tests 1, 2, and 3 

Station 
(ft) 

Initial 
Profile No Dowels 1-Band 2-Bands  4-Bands 6-Bands 

0 1.5 1.3 1.5 1.5 1.5 1.5 

1 1.5 1.2 1.3 1.5 1.5 1.5 

2 1.5 1.0 1.1 1.2 1.2 1.2 

3 1.3 0.9 0.9 0.9 0.9 0.9 

4 1.0 0.8 0.8 0.7 0.7 0.8 

5 0.8 0.7 0.7 0.8 0.8 0.7 

6 0.5 0.7 0.7 0.7 0.7 0.7 

7 0.3 0.6 0.7 0.5 0.6 0.6 

8 0 0.3 0.5 0.3 0.3 0.3 

9 0 0.2 0.2 0.0 0.1 0.1 

10 0 0.1 0.1 0.0 0.0 0.0 
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Figure 28: Average equilibrium profile for no dowels, 1 band, and 2 bands  

The data in Table 2 was also plotted in Figure 29, which compares the 

average equilibrium profile sediment heights for the tests with no dowels, two 

bands, four bands, and six bands of dowels. The equilibrium profile sediment 

heights for the tests with two bands, four bands, and six bands are very similar at 

each station and all have values closer to the initial profile than the equilibrium 

profile sediment heights achieved using no dowels. 
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Figure 29: Average equilibrium profile for no dowels, 2 bands, 4 bands, and 6 

bands 

The amount of berm retreat was recorded for each test at the MHW water 

depth and is shown in Table 3. The tests with no dowels had the highest amount of 

berm retreat at 22 inches. The second highest berm retreat was recorded by the 

equilibrium profile of in the one band case. The equilibrium profile for two bands 

of dowels had the least amount of berm retreat. 
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Table 3: Berm Retreat for MHW tests 

  Berm Retreat (ft) 

Test No. 
No 

Dowels 1 Band 2 Bands 4 Bands 6 Bands 

1 2.0 1.0 0.3 0.6 0.4 

2 2.0 1.5 0.3 0.5 0.8 

3 1.3 2.0 0.3 0.3 0.4 

Average 1.8 1.5 0.3 0.5 0.6 

 

The height at each station was used to calculate the sediment transport 

between stations for MHW, shown in Table 4. For all tests in this study, negative 

values correspond to a loss of sediment between the two stations.  

Table 4: Average sediment transport between stations for each number of 

dowel bands for MHW 

  Average Sediment Transport between Stations (cf) 

Stations 
(ft) 

No 
Dowels 1 Band 2 Bands 4 Bands 6 Bands 

0-1 -0.47 -0.16 0.00 0.00 0.00 

1-2 -0.73 -0.56 -0.25 -0.27 -0.31 

2-3 -0.78 -0.76 -0.53 -0.60 -0.66 

3-4 -0.52 -0.56 -0.59 -0.61 -0.59 

4-5 -0.22 -0.25 -0.26 -0.27 -0.31 

5-6 0.13 0.12 0.20 0.18 0.07 

6-7 0.52 0.53 0.43 0.47 0.43 

7-8 0.64 0.81 0.52 0.57 0.57 

8-9 0.47 0.59 0.29 0.38 0.38 

9-10 0.25 0.22 0.08 0.14 0.13 

10+ 0.08 0.07 0.04 0.04 0.04 
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The average cumulative sediment transport between stations 0 through 4 

and 4 through 10 for each number of bands for MHW are shown in Table 5. The 

average of the tests with no dowels had the most amount of sediment erosion 

leeward of station 4 (the center of the dowels). The tests with one band had the 

most amount of sediment accretion waterward of station 4. The tests with two 

bands had the least amount of sediment erosion leeward of the dowel center and the 

least amount of sediment accretion waterward of the dowel center. 

Table 5: Cumulative sediment transport leeward and waterward of station 4 

  Sediment Transport (cf) 

Station 
(ft) Control 1 Band 2 Bands 4 Bands 6 Bands 

0 to 4  -2.50 -2.03 -1.37 -1.48 -1.56 

4 to 10 1.86 2.08 1.29 1.51 1.30 

 

 

Equilibrium Profile at Mean Sea Level 

The equilibrium profile sediment heights for the tests with no dowels, one 

band, two bands and six bands at a water depth of 9 inches are shown in Figure 30. 

The tests with one band, two bands, and six bands all maintained sediment heights 

closely related to the initial profile. The equilibrium profile achieved from the test 

with no dowels had sediment heights that differed significantly from the initial 

profile and the heights of the other tests. 
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Figure 30: Equilibrium profile sediment heights at MSL 

 The amount of horizontal berm recession from the initial profile to the 

equilibrium profile for each test is shown in Table 6. For the tests run at 9 inches, 

only the equilibrium profile achieved using no dowels showed any berm retreat at 

0.3 feet of recession.  

Table 6: Berm retreat at MSL 

Berm Retreat (ft) 

No Dowels 1 Band 2 Bands  6 Bands 

0.3 0 0 0 
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The sediment transport between each station was calculated from the 

equilibrium profile sediment heights. The test with no dowels experienced a large 

amount of sediment loss between stations 2 and 3, where the berm meets the face 

of the profile, and a large amount of sediment gain between stations 7 and 8, at the 

end of the profile. For the tests with dowels, the largest amount of sediment loss 

was between stations 3 and 5, where the dowels were located.  

Table 7: Sediment transport between stations 

   Sediment Transport between Stations (cf) 

Station (ft) No Dowels 1 Band 2 Bands 6 Bands 

0-1 0.00 0.00 0.00 0.00 

1-2 -0.35 0.00 0.00 0.00 

2-3 -0.63 -0.31 -0.39 -0.35 

3-4 -0.47 -0.63 -0.74 -0.63 

4-5 -0.31 -0.43 -0.47 -0.39 

5-6 0.00 0.00 0.00 -0.08 

6-7 0.39 0.35 0.39 0.31 

7-8 0.70 0.43 0.47 0.43 

8-9 0.55 0.31 0.31 0.27 

9-10 0.16 0.23 0.16 0.27 

10+ 0.04 0.12 0.04 0.16 

 

The cumulative sediment transport leeward and waterward of station 4 is 

shown in Table 8. The test using no dowels had the most sediment loss leeward of 

station 4 and the most sediment gain waterward of station 4. The equilibrium 

profile achieved using one band of dowels was associated with the least amount of 

sediment loss leeward of the dowels. The equilibrium profile achieved using two 
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bands was associated with the least amount of sediment accumulation waterward of 

the dowels’ center.  

Table 8: Cumulative sediment transport leeward and waterward of station 4 

at a MSL 

 
Sediment Transport (cf)   

Station (ft) No dowels 1 Band 2 Bands 6 Bands 

0 to 4  -1.45 -0.94 -1.13 -0.98 

4 to 10 1.52 1.02 0.90 0.98 

 

 

Equilibrium Profile at Annual High Water 

The results of the equilibrium profile sediment heights at a water depth of 

15 inches for the tests using no dowels, one band, two bands, and six bands is 

shown in Figure 31. The equilibrium profile achieved using no dowels differed the 

most from the initial profile. The test with one band of dowels had similar 

equilibrium profile sediment heights to the test with no dowels and both differed 

significantly from the initial profile. The equilibrium profile achieved using six 

bands of dowels yielded sediment heights similar to the initial profile.  
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Figure 31: Equilibrium profile sediment heights at AHW  

Table 9 shows the amount of berm retreat in feet. The tests with no dowels, 

one band, and two bands showed full berm retreat once equilibrium was achieved. 

The test using six bands of dowels gave a berm retreat of 1 foot, leaving 1 foot of 

the berm unchanged by the wave action. 

Table 9: Berm retreat for AHW  

Berm Retreat (ft) 

No Dowels 1 Band 2 Bands  6 Bands 

2.0 2.0 2.0 1.0 
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Table 10 shows the sediment transport between stations that occurred when 

the profile changed from the initial profile to the equilibrium profile . The tests 

using no dowels and one band of dowels showed greater numbers of both sediment 

loss (negative values) and sediment gain (positive values), with the largest values 

reported between stations 1 to 3 and stations 6 to 8.  

Table 10: Sediment transport for AHW 

   Sediment Transport between Stations (cf) 

Station (ft) No Dowels 1 Band 2 Bands 6 Bands 

0-1 -0.55 -0.39 -0.35 0.00 

1-2 -0.70 -0.82 -0.47 -0.20 

2-3 -0.55 -0.74 -0.43 -0.47 

3-4 -0.31 -0.43 -0.20 -0.39 

4-5 -0.08 -0.20 0.20 -0.04 

5-6 0.39 0.27 0.59 0.35 

6-7 0.82 0.74 0.55 0.47 

7-8 0.82 0.74 0.35 0.39 

8-9 0.47 0.31 0.20 0.23 

9-10 0.16 0.08 0.08 0.08 

10+ 0.04 0.04 0.04 0.04 

 

The cumulative sediment transport attained leeward and waterward of 

station 4 is shown in Table 11. The equilibrium profile that was formed using one 

band of dowels was associated with the greatest sediment loss leeward of station 4. 

The cumulative sediment transport that occurred for the test using six bands was 

1.05 cubic feet of loss leeward of the dowels center, which was the lowest value of 

sediment loss for the AHW tests. 
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Table 11: Cumulative sediment transport in leeward and waterward of station 

4 at AHW 

 
Sediment Transport (cf)   

Stations (ft) No dowels 1 Band 2 Bands 6 Bands 

0 - 4  -2.11 -2.38 -1.45 -1.05 

4 - 10 2.62 1.99 1.99 1.52 
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4. DISCUSSION 

The amount of shoreline stabilization provided by mangroves was 

determined using a model that incorporated a dowel system and estuarine 

parameters. The width of the dowel system was varied, and the amount of sediment 

transport was recorded at each width. The shoreline stability tests were performed 

at three water levels to account for seasonal variation of water level. A minimum 

thickness of mangroves for effective shoreline stabilization was determined at each 

water level. 

Equilibrium Profiles at Mean High Water Level 

The tests using no dowels, one band, two bands, four bands, and six bands 

of dowels were each performed 3 times and the results indicate that there is 

relatively low variance between the three repeated tests of each number of bands. 

The tests with no dowels and one band showed the most variance at an average of 

2.6 and 2.0 inches, respectively, at each station. Any given test using no bands or 

one band had a significantly different equilibrium profile than the average 

equilibrium profile. This may be due to the greater amount of wave energy acting 

on the profile. Because there is a more drastic change in the profile, it is less likely 

that multiple tests with no dowels or one band of dowels will have the same results. 

The 3 tests for two bands, four bands, and six bands of dowels showed very little 

variance and the equilibrium profile sediment height averages were close in value 
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to the initial profile. The tests with two or more dowel bands had the least amount 

of variance at an average of 1 inch at each station. For the tests with 2 bands, 4 

bands, and 6 bands, each individual test had an equilibrium profile similar to the 

average equilibrium profile of the 3 repeated tests. Some of the variance between 

the tests can be explained by the sand crests and trophs along the profile. The 

sediment height recorded at a station may not be an accurate representation of the 

sediment height around that station because they are spaced out every foot. If the 

station falls on a ridge, the height recorded will overestimate the amount of sand 

and the opposite is true for a runnel. This is also the reason that the total of all the 

equilibrium profile sediment heights do not always add up to the total of the initial 

profile sediment heights. In addition, this is the reason that the sediment transport 

leeward of station 4 does not equal the sediment transport waterward of station 4.  

The average equilibrium profile sediment heights were used to interpret the 

stability of each number of dowels at MHW. As expected, the average berm retreat 

and sediment heights for the tests with no dowels changed the most from the initial 

profile. The tests using no dowels achieved an average berm retreat of 1.8 feet and 

an average sediment transport of 2.5 cubic feet of loss leeward of the dowel system. 

The average berm retreat and sediment heights for the tests using one band had the 

second most amount of change from the initial profile. Adding bands of dowels 

increased the stabilization of the shoreline until a maximum stabilization was 
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achieved using two bands. The tests using two bands of dowels achieved an 

average berm retreat of 0.3 feet and an average sediment transport of 1.4 cubic feet 

of loss leeward of the dowel system. The average equilibrium profile sediment 

heights, sediment transport, and berm retreat for the tests using two, four, and six 

bands had very similar results. This shows that at MHW any more than two bands 

of dowels will achieve roughly the same shoreline stabilization.  

 

Equilibrium Profile at Mean Sea Level 

 The dowel width of four bands was removed from the MSL tests because 

there was no significant difference in shoreline stabilization between four and six 

bands and lowering the water level proved to only decrease the impact to the initial 

profile. The equilibrium profile for the test with no dowels changed the most from 

the initial profile achieving a sediment transport of 1.45 cubic feet of loss leeward 

of station 4. At a water depth of 9 inches, the test with one band of dowels achieved 

similar equilibrium profile sediment heights to the tests with two bands and six 

bands. The tests with one band, two bands, and six bands all achieved a sediment 

transport of approximately 1 cubic foot. This may be due to the shallower water 

depth and weaker wave energy acting on the lower portion of the initial sediment 

profile. At MHW, one band of dowels is the minimum width to effectively stabilize 

the shoreline. Compared to the MHW and AHW tests, the MSL tests also showed 
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that the equilibrium profile sediment heights changed significantly less from the 

initial profile when a shallower water depth is used. This was expected and was due 

to a smaller water depth, less wave energy, and a lower elevation of the breaking 

waves on the profile.  

 

Annual High Water Equilibrium Profile 

The dowel system width of four bands was also removed from the AHW 

tests because the results of two bands and six bands were all that were needed for 

this study. The tests with no dowels and one band of dowels both had equilibrium 

profile sediment heights that were significantly different from the initial profile 

sediment height. Although one band of dowels sufficiently stabilized the shoreline 

at a 9-inch water depth, it had no effect on shoreline stabilization at a water depth 

of 15 inches. The test with six bands of dowels had a lower cumulative sediment 

loss leeward of the dowels and a lower cumulative sediment gain waterward of the 

dowels than all the other tests at AHW. All of the tests except the six band test saw 

a full berm retreat of 2 feet. At a water depth of 15 inches, increasing the number of 

dowel bands increased the shoreline stability up to the maximum number of bands 

tested in this study, six bands.  

The AHW is a peak water level that only occurs once a year. The MHW and 

MSL are average water levels over the a national epoch. In the IRL, shorelines are 
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much more likely to experience MHW and MSL level conditions. In this study, a 

dowel width of 2 bands, which is equal to a width of 8 inches, proved to be the 

minimum effective width for shoreline stabilization at a model MHW and MSL 

water depth. Two bands of dowels can effectively stabilize a shoreline that is prone 

to MHW and MSL conditions and infrequently experiences an annual extreme. 
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5. CONCLUSION 

Mangroves are a key element to the health of tropical coastal environments. 

They promote ecological health by filtering water and sheltering marine life. By 

using parameters from the coastal environment that exist in the IRL, the sediment 

transport data recorded using the dowel system in the wave tank at Florida Tech 

can predict the sediment transport caused by red mangroves in the IRL.  

 

Mean High Water Level Tests 

The results of the testing done at MHW showed the degree that a test can be 

repeated and achieve similar results. The more dowel bands used, the lower 

variation there was between the 3 tests because the profile did not change as 

drastically due to the dowels. An equilibrium profile achieved using a certain 

number of bands of dowels will not deviate significantly from another equilibrium 

profile using the same number of bands.  

 

Shoreline Stabilization at Varying Water Levels 

The results between the three water levels show that different dowel 

thicknesses or number of bands can be effective at different water depths. At MSL, 

one band of dowels can stabilize the shoreline as effectively as two and six bands 

of dowels. Shoreline stabilization will not be significantly improved by adding 
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more than one band. At MHW one band is more effective than using no bands; 

however, two bands will stabilize the shoreline to a greater degree. Adding to the 

dowel system width more than 2 bands will not improve the amount of berm retreat 

or sediment gain or loss. At AHW, a water depth of 15 inches, one band of dowels 

does not show any significant shoreline stabilization compared to the control. 

Using two bands of dowels did stabilize the shoreline more than the tests with one 

band and two bands. The most shoreline stabilization was found for the equilibrium 

profile using six bands of dowels. This study found that the greater the water depth, 

the more bands of dowels were needed to keep the equilibrium profile similar to the 

initial profile.  

In conclusion, this study shows that even a minimal thickness of mangrove 

roots provides some protection against shoreline erosion from boat wake and wind 

waves during periods of high and mean water levels. The wider mangrove root 

system provided more protection at extreme high water levels. In the IRL the 

annual high water level lasts for only a short period every year. A minimal 

mangrove forest thickness of approximately 8 inches will effectively stabilize the 

shoreline for the majority of the year. Future studies can incorporate a greater 

dowel system width and greater water depths to further understand the potential of 

dowels to stabilize the profile and thus mangroves to stabilize the shores of the 

IRL.  
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APPENDIX A 

Test 1 MHW 

 

Figure 32: Equilibrium profile of 1st test with no dowels 

 

Figure 33: Equilibrium profile of 1st test with 1 band 

 

Figure 34: Equilibrium profile of 1st test with 2 bands dowels 
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Figure 35: Equilibrium profile of 1st test with 4 bands of dowels 

 

Figure 36: Equilibrium profile of 1st test with 6 bands of dowels 

Test 2 at MHW 

 

Figure 37: Equilibrium profile of 2nd test with no dowels 
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Figure 38: Equilibrium profile of 2nd test with 1 band of dowels 

 

Figure 39: Equilibrium profile of 2nd test with 2 bands of dowels 

 

Figure 40: Equilibrium profile of 2nd test with 4 bands of dowels 
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Figure 41: Equilibrium profile of 2nd test with 6 bands of dowels 

Test 3 at MHW 

 

Figure 42: Equilibrium profile of 3rd test with no dowel 

 

Figure 43: Equilibrium profile of 3rd test with 1 band of dowels 
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Figure 44: Equilibrium profile of 3rd test with 2 bands of dowels 

 

Figure 45: Equilibrium profile of 3rd test with 4 bands of dowels 

 

Figure 46: Equilibrium profile of 3rd test with 6 bands of dowels 
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Equilibrium Profiles for MSL 

 

Figure 47: Equilibrium profile for MSL with no dowels 

 

Figure 48: Equilibrium profile for MSL with 1 band of dowels 

 

Figure 49: Equilibrium profile for MSL with 2 bands of dowels 
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Figure 50: Equilibrium profile for MSL with 6 bands of dowels 

Equilibrium Profiles for AHW 

 

Figure 51: Equilibrium profile for AHW with no dowels 

 

Figure 52: Equilibrium profile for AHW with 1 band of dowels 
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Figure 53: Equilibrium profile for AHW with 2 bands of dowels 

 

Figure 54: Equilibrium profile for AHW with 6 bands of dowels 
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APPENDIX B 

Table 12: Equilibrium profile sediment heights for 3 tests with no dowels 

 Control Equilibrium Profile Sediment Height (ft) 

Station (ft) Test 1 Test 2 Test 3 

0 1.33 1.13 1.50 

1 1.17 1.04 1.33 

2 0.88 0.96 1.29 

3 0.79 0.88 0.96 

4 0.79 0.79 0.88 

5 0.63 0.67 0.79 

6 0.67 0.67 0.75 

7 0.67 0.71 0.46 

8 0.33 0.42 0.21 

9 0.21 0.29 0.04 

10 0.17 0.04 0.04 

 

Table 13: Equilibrium profile sediment heights for 3 tests with 1 band  

 1 Band Equilibrium Profile Sediment Height (ft) 

Station (ft) Test 1 Test 2 Test 3 

0 1.50 1.50 1.50 

1 1.50 1.21 1.29 

2 1.13 1.04 1.04 

3 0.96 0.88 0.79 

4 0.92 0.71 0.71 

5 0.79 0.79 0.54 

6 0.71 0.67 0.63 

7 0.63 0.67 0.67 

8 0.25 0.58 0.54 

9 0.04 0.29 0.17 

10 0.04 0.04 0.13 
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Table 14: Equilibrium profile sediment heights for 3 tests with 2 bands  

 

Equilibrium Profile Sediment 
Height (ft) 

Station (ft) Test 1 Test 2 Test 3 

0 1.50 1.50 1.50 

1 1.50 1.50 1.50 

2 1.25 1.21 1.25 

3 0.96 0.92 0.96 

4 0.63 0.71 0.71 

5 0.75 0.83 0.79 

6 0.63 0.71 0.67 

7 0.58 0.46 0.58 

8 0.25 0.25 0.29 

9 0.04 0.04 0.04 

10 0.04 0.04 0.04 

 

Table 15: Equilibrium profile sediment heights for 3 tests with 4 bands  

 

Equilibrium Profile Sediment 
Height (ft) 

Station (ft) Test 1 Test 2 Test 3 

0 1.50 1.50 1.50 

1 1.50 1.50 1.50 

2 1.21 1.17 1.25 

3 0.88 0.88 0.96 

4 0.67 0.63 0.79 

5 0.67 0.83 0.79 

6 0.63 0.71 0.71 

7 0.67 0.63 0.42 

8 0.29 0.29 0.29 

9 0.17 0.13 0.04 

10 0.04 0.04 0.04 
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Table 16: Equilibrium profile sediment heights for 3 tests with 6 bands  

 

Equilibrium Profile Sediment 
Height (ft) 

Station (ft) Test 1 Test 2 Test 3 

0 1.50 1.50 1.50 

1 1.50 1.50 1.50 

2 1.17 1.17 1.17 

3 0.88 0.88 0.88 

4 0.75 0.71 0.79 

5 0.67 0.63 0.71 

6 0.63 0.71 0.63 

7 0.58 0.46 0.63 

8 0.33 0.29 0.29 

9 0.13 0.13 0.04 

10 0.04 0.04 0.04 

 

Table 17: Equilibrium profile sediment heights at MSL 

     

  Equilibrium Profile Sediment Height (ft) 

Station (ft) Control  1 Band 2 bands  6 bands 

0 1.5 1.5 1.5 1.5 

1 1.5 1.5 1.5 1.5 

2 1.1 1.5 1.5 1.5 

3 1.0 0.9 0.8 0.9 

4 0.8 0.7 0.6 0.7 

5 0.6 0.6 0.6 0.6 

6 0.6 0.6 0.6 0.5 

7 0.5 0.5 0.5 0.5 

8 0.5 0.2 0.2 0.2 

9 0.1 0.1 0.1 0.1 

10 0.0 0.1 0.0 0.2 
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Table 18: Equilibrium profile sediment heights at AHW  

  Equilibrium Profile Sediment Height (ft) 

Station 
(ft) Control  1 Band 2 bands  6 bands 

0 1.3 1.4 1.3 1.5 

1 1.1 1.2 1.3 1.5 

2 1.1 1.0 1.2 1.3 

3 1.0 1.0 1.1 1.0 

4 0.9 0.8 1.0 0.9 

5 0.8 0.8 1.0 0.8 

6 0.9 0.8 0.9 0.8 

7 0.8 0.8 0.5 0.5 

8 0.4 0.3 0.2 0.2 

9 0.1 0.0 0.0 0.0 

10 0.0 0.0 0.0 0.0 

 


