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Abstract 
 Title:  Development, Testing, Analysis and Efficiency of a Variable Area Dredge 

in Combination with a Mobile Ferrate-Based Treatment Facility 

Author: Leigh Ann Provost 

Advisor: Robert J. Weaver, Ph. D. 

 

This thesis proposal outlines the development and testing of a mobile slurry 

treatment trailer coupled with a variable area suction head and further expands on results 

and procedures shown in Feasibility of Muck Removal in the IRL Watershed and 

Subsequent Ferrate Treatment to Remove Excess Nutrients. The purpose of this thesis is to 

evaluate the efficiency and effectiveness of the suction head based on the percent solids 

maintained during dredging. This thesis also evaluates a scaled design and associated costs 

for a fully scaled dredging project utilizing the suction head. Additional statistics involving 

further fitting sediment data to a Weibull and a Beta distribution, were also produced with 

a bootstrapped method of analysis. Results from testing showed reductions in coarse-

grained material of roughly 83% with efficiencies attainable up to 70% and relative fines 

efficiencies obtained over 70% in nearly all tests. Scaled designs were also developed in 

which the maximum dry fines production rate of 2.15 cubic yards per hour was increased 

up to a maximum of 31.25 cubic yards of dry fine material an hour. In-line treatment 

showed positive results in further reduction of d50 as well as nitrite and nitrate, dissolved 

organic nitrogen, total dissolved nitrogen, phosphate, dissolved organic phosphorous, total 

dissolved phosphorous, and silica.    
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Chapter 1: Introduction 
 In recent years, land use, agricultural changes, waste disposal methods, climate 

change and numerous anthropogenic factors have impacted water quality in the form of 

muck accumulation in various waterbodies rendering an increase in water-quality driven 

dredging projects. Muck is composed primarily fine sands, silts and clays as well as 

organic material. In the Indian River Lagoon of Melbourne, Florida, local muck is 

composed of between 85-90% water by volume and contains between 10-20% organic 

matter and 60-80% clays, silts, and fine sands when dry (Trefry, 2015). An example of this 

muck can be seen below, Fig. 1.  

 

Figure 1: Indian River Lagoon Muck 

Accumulation of this muck has caused severe impacts to the water quality of the Indian 

River Lagoon. Muck accumulation in the lagoon causes an increase in the nutrient loading 

of the water through benthic fluxes of dissolved nitrogen and phosphate from bottom 

sediments (Fox & Trefry, 2018).  The excess nutrient loading from nitrogen and 

phosphorous stimulates the growth of algae and other marine plants which then utilize the 

majority of the oxygen in the water column, resulting in low oxygen events and in the 

worst cases mass fish kills. Similar issues, however, span beyond just local waters. The 
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Chesapeake Bay for instance, though improving since managing pollution entering its 

waterways, has continued to report dangerous levels of nitrogen and phosphorous in its 

2016 State of the Bay report. With similar situations growing worldwide, research to 

mitigate legacy loading as well as prevent future nutrient loading is currently underway. 

The focus is on getting the muck out by means of environmental dredging, as well as 

improved disposal and treatment methods for dredging slurries.   

1.1 Environmental Dredging Methods 

Environmental dredging is the process of removing contaminated sediment from a 

waterbody to improve the sediment composition (Palermo et al., 2008). Environmental 

dredging often employs the use of small cutter suction dredges and auger dredges (Randall 

et al., 2011). Current projects have typically involved the dredging of raw material from 

waterbodies extracting not only the muck, but removing a portion of the natural sea bed of 

the area. Although this type of dredging can be effective in removing the majority of muck, 

the process being used may lend itself to the resuspension of sediment and further water 

quality issues. Conventional cutterhead and horizontal auger dredges were found to have 

low effectiveness in controlling residual generation, and low effectiveness in limiting water 

quality impacts (Fuglevand and Webb, 2012).  Some versions of “selective dredging” by 

specifying the sand type to be dredged have been explored as well. An example of which 

makes use of knowing the in-situ composition of a seabed prior to dredging and then calls 

for the dredging of certain layers, which may not always be economically feasible 

(Palermo, 2000).  Although these technologies have improved in recent years, deficiencies 

in these methods have led to the development of a variable area suction head that fine tunes 

the type of sediment removed. This new design allows for coarse grained sediments that 

house benthic organisms to remain in the seabed as well as reduce the overall volume 

required for transport and treatment, lowering additional project costs.   
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1.2 Dewatering and Disposal Methods 

 The treatment and management of dredge slurry is a requirement of any dredging 

project, and many efforts have been made to improve the efficiency of the dewatering and 

treatment process. Improvements in rapid sediment separation have been developed by use 

of passive methods like geotextile tubes, chemical methods such as polymer addition, and 

physical methods such as the use of hydrocyclones. Each of these methods can lend 

themselves to disadvantages such as land requirements, toxicity, and limited capacity (BCI 

Engineers & Scientists, Inc., 2007). Projects often require a combination of methods as 

well for the system to be efficient.  

 Following the separation of the dredged material, a method of disposal must be 

established. Such methods of disposal include the use of open water disposal, confined 

dike disposal, and beneficial uses such as habitat restoration and beach nourishments 

(Palermo, 2000). Disposal methods become limited when available space is limited, or 

contaminated material requires the use of contained disposal.  These limited options have 

encouraged the need for a dredging system that produces minimal volume such as a 

variable area suction head, as well as allow for the positive repurposing of treated slurry. In 

this case of this research, a chemical ferrate flocculating agent was synthesized to be used 

in combination with the variable area suction head that is effective in nutrient removal 

from dredged water, and also has the capability to be recycled with minimal environmental 

impacts associated with its use.  
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Chapter 2: Background 
 An environmental mobile dredging operation was developed for initial use in the 

Indian River Lagoon, with applications spanning beyond just local waterways. This system 

combines the use of a variable area suction head for muck dredging, with a mobile ferrate 

slurry treatment system. The feasibility of each of these components were tested 

individually on both a laboratory scale, and then combined to perform a pilot scale test in 

the Melbourne-Tillman Water Control District (MTWCD) C-1 canal. A map of the entire 

Melbourne-Tillman Water Control District is demonstrated in Fig. 2, with the pilot site 

indicated by a star along the C-1 canal highlighted in white. 

 

Figure 2: Melbourne-Tillman Water Control District Canals and Pilot Site (Melbourne-Tillman, 2018) 
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2.1 Variable Area Suction Head 

A variable area suction head was developed and designed to preclude large sized 

sediments from being entrained, minimizing the volume that needs to be dredged for 

environmental dredging purposes. Minimizing dredged volumes also reduce treatment and 

transport time and costs. The design consists of two plates attached to 4 shafts in which a 

gearing system controlled via drill moves the bottom plate up or down to adjust the intake 

area. A profile design sketch of the suction head can be seen in Fig. 3 in which the arrows 

indicate flow into the suction head, which in use would be attached to a 3-inch hose and 

pump.    

 

Figure 3: Profile sketch of suction head with flow 

The variable area suction head can be seen during the initial testing in the FIT wave flume, 

Fig. 4.  

 

Figure 4: Variable Area Suction Head Deployment (Weaver et al., 2018) 
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The suction head was developed and tested at three particular settings. The largest opening 

size tested was at 5 inches, and was defined as the “open” test. Meanwhile the smallest 

opening setting at 5/8th of an inch was defined as the “closed” test. A “halfway” test was 

established as well at 2.5 inches between these two open and closed tests. These test 

settings are shown in Fig. 5.  

 

Figure 5: Operational settings of suction head (Weaver et al, 2018) 

A control setting was tested as well by pumping with the 3-inch hose without the suction 

head attached. At each of the sizes, the expected sediment diameter to be entrained by the 

suction head can be calculated via the continuity equation. 

𝑄 = 𝑉𝑖𝐴𝑖                              (1) 

With this equation, the intake velocity, Vi, can be calculated by knowing the intake area, 

Ai, and the flow rate, Q, which was operated at 120 GPM for each test. Using the 

calculated velocities, the expected diameter of sand that will be picked up can be calculated 

based upon the equation for fall velocity as shown by Dean and Dalrymple (2004) where 

𝜌𝑠 is the density of the sediment, 𝜌 is the density of the fluid, 𝑔 is gravity, d is diameter 

and CD is drag coefficient.  

𝑤 = √
4(𝜌𝑠−𝜌)𝑔𝑑

3𝜌𝐶𝐷
                                                            (2) 

The drag coefficient (Eq. 3) is a function of the Reynolds number (Eq. 4), where Reynolds 

number is a function of the density, fall velocity, sediment diameter, and viscosity, 𝜇. 
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𝐶𝐷 =
24

𝑅𝑒
√(1 +

3𝑅𝑒

16
)                                                       (3) 

𝑅𝑒 =
𝜌𝑤𝑑

𝜇
                                                              (4) 

Reynolds number and drag coefficient can then be substituted into the fall velocity 

equation, Eq. 2 and rearranged for sediment diameter as shown below.  

𝑑 =
𝑤23𝜌𝐶𝐷

4(𝜌𝑠−𝜌)𝑔
                                                             (5) 

Eq.5 can be solved iteratively. The results of the iteration based up the opening sizes of the 

suction head are shown below.  

Table 1: Sediment Diameter of Entrainment 

 

As shown in Table 1, these are the sediment diameters that the suction head should have 

the capability to entrain at each setting. Therefore, diameters any larger can be expected to 

remain on the seabed during dredging. The initial tests consisted of no modifications to the 

dredge head; however, to alter the values of expected sediment entrainment, design 

changes were made. These modifications consisted of the addition of a shroud, Fig. 6, a 

passive jetting system, Fig. 7, an active jetting system operating at two different flows, Fig. 

8, a pressure washer test, not shown, and a shroud extension, Fig. 9.  

Control Closed Halfway Open

mm 22.44 2.67 0.57 0.30

phi -4.49 -1.42 0.82 1.73
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Figure 6: Dredge Shroud Attachment (Weaver et al., 2018) 

 

Figure 7: Passive Jet System (Weaver et al., 2018) 
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Figure 8: Jet Ring System (Weaver et al., 2018) 

 

Figure 9: Shroud Extension (Weaver et al., 2018) 

2.2 Cost Analysis 
The primary consideration in planning a dredging project is project cost and 

feasibility based on the production rates of the dredging system. Factors determining 

project costs include equipment costs, and operating costs such as fuel, lubricants, labor, 

routine maintenance, major repairs, and overhaul costs. The cost of equipment and labor 

making up the largest percent of the total (Randall, 2000). The CDS Dredge Production 

and Cost Estimation Software was developed by the Center for Dredging Studies at Texas 

A&M University in order to estimate anticipated dredging costs. The cutter suction dredge 

cost estimation software provides cost estimations including the total project cost, cost per 
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cubic yard of material, project time, execution costs broken down by crew, equipment, 

pipeline, overhead, mobilization and demobilization costs. Main inputs into the program 

include dredge diameter, cubic yards to be dredged, fuel costs, bank height, digging depth, 

pumping distance, booster pumps, and production rates. The defaults page of the cost 

estimator provides information based upon typical operational values and is broken down 

by general, mobilization/demobilization, execution, and production (Randall, 2000). 

Changes to the default pages in the program can be made as well if necessary, in order to 

accurately estimate costs. Although estimating dredging costs can be difficult due to the 

number of factors involved, it is imperative to obtain estimates to plan any type of 

dredging project. 

2.3 Treatment System 

In an effort to develop an environmentally positive method of treating the dredge 

slurry, a mobile three-phase treatment system was developed. The system consists of a 

hydrocyclone phase, a chemical ferrate treatment phase, and a recycling phase.  

2.3.1 Hydrocyclones 

The hydrocyclone phase allows for the separation of particles prior to chemical 

treatment to optimize the amount of ferrate needed for the treatment. Hydrocyclones, 

commonly used in water treatment, work by using an application of spiral flow, where 

heavier particles spin down the conical section of the device while lighter particles spin up 

through the overflow component of the device. A visual of this flow can be seen in Fig. 10.  
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Figure 10: Spiral Flow Schematic of Hydrocyclone (Bradley, 1965) 

 

2.3.2 Ferrate Treatment 

 To chemically process the dredge slurry once coarse particulates had been 

separated, a ferrate-based treatment was established. Testing included the analysis of both 

ferrate (Fe6), and total iron (Fe3+ & Fe6) and its ability to remove nutrients from the 

contaminated water such as phosphate and nitrogen species (Weaver et al., 2018). A small 

lab batch of the ferrate can be seen in Fig. 11.  

 

Figure 11: Synthesized Ferrate 
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 The use of ferrate with dredging slurry allows for the coagulation of fine particles 

to which the nitrogen and phosphate adhere. These particles settle quicker to improve 

treatment efficiencies. The use of flocculates and coagulants such as ferrate has been 

increasingly more common in recent years for use in water treatment. Without the use of a 

flocculent, in lab testing showed that in a 2020 ml sample of IRL water, the level of 

suspended particles reduced in one hour was only 16% (Weaver et al., 2018). The use of a 

flocculating agent such as ferrate has the capability to reach 100% settling within minutes. 

An optimized recipe to synthesize ferrate was developed at Florida Institute of 

Technology’s Environmental Chemistry lab to meet the needs of a full-scale mobile 

dredging operation.   
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Chapter 3: Methodology 

3.1 Variable Area Suction Head 

To test the dredge head, a 5-ft by 5-ft cylindrical tank was filled with muck from 

the Melbourne-Tillman Water Control District (MTWCD) C-1 canal (Weaver et al, 2018). 

The dredge head was connected to a pump where it would pump the muck from the tank, 

then cycle the discharge back into the tank for reuse, Fig. 12. Samples to be analyzed were 

taken from a pipe on the intake side of the pump.   

 

Figure 12: Laboratory Setup (Weaver et al., 2018) 

A schematic is provided, Fig. 13, in which the system was arranged so that 

samples of in-situ dredging slurry could be taken to analyze. Arrows in the schematic 

depict pipe and hose connections between the testing components.  
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Figure 13: Testing schematic 

3.1.1 Sediment Statistics 

Throughout testing, 3 samples were collected from each setting of the dredge head, 

open, closed, halfway and the control. The samples were then processed using a method 

developed for fine grain sediment sieving stemming from ASTM standards D1140-17 

(ASTM D1140-17, 2017) and D6913/D6913M-17 (ASTM D6913/D6913M-17, 2017) 

which can be found in Appendix A. Sediment diameter can be viewed on a millimeter 

scale, or on a phi scale. The conversion from mm to phi is shown below with d referring to 

the sediment diameter in millimeters (Dean and Dalrymple, 2004). 

𝜑 = − log2 𝑑                                                     (6)                                                                                                

The sieves used for processing with their respective mesh sizes can be seen in Fig. 14. The 

weights retained on each sieve during sieving were recorded and used to apply the 

statistics.  
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Figure 14: Sieve sizes 

 To analyze the sediment statistically, each sample was broken down to look at the 

individual grain size sampling distribution of the whole sample of sediment. Schematics in 

Fig. 15 and Fig. 16 represent how the samples were collected from the suction head, and 

how the samples were processed to develop the statistics on the sampling distributions.  

 

Figure 15: Sampling method schematic 
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Figure 16: Sample processing schematic 

3.1.1.1 Log-Normal Distributions 

Typical statistics performed on sediment distributions include those outlined by 

Inman (1952). The use of this approach involved plotting the sample as a whole as a log-

normal distribution on either a percent finer or a percent coarser graph. Previous work by 

Weaver et al. (2018) performed sediment statistics by averaging the collected sample 

weights together to develop one set of values to be used. To vary the statistical approach, 

in the case of this thesis, rather than average the samples, the total sample weights were 

combined to develop one large sample. By taking the cumulative sums of each grain size’s 

percent weight and plotting versus the grain size, a cumulative distribution function was 

then developed which was interpolated for the appropriate statistical parameters.  

 The key parameters that were interpolated for are mean, 𝑀𝜑, standard deviation, 

𝜎𝜑, skewness, 𝛼𝜑 , and peakedness, 𝛽𝜑. By interpolating the CDF for 𝜑84 and 𝜑16, the 84th 

and 16th percentile, the mean grain size was found using the following equation (Inman, 

1952).  

𝑀𝜑 =
𝜑84+𝜑16

2
                                                     (7) 

Similarly, by a change in sign, the standard deviation was be found using the 84th and 16th 

percentile as well.  
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𝜎𝜑 =
𝜑84−𝜑16

2
                                                       (8) 

Calculating skewness then required the use of the mean, standard deviation, and median 

grain size or the 50th percentile as shown (Inman, 1952). 

𝛼𝜑 =
𝑀𝜑−𝜑50

𝜎𝜑
                                                      (9) 

Finally, peakedness was found by using the standard deviation and interpolations found 

previously for the 16th and 84th percentile, as well as additional interpolations for the 5th 

and 95th percentiles.  These interpolations were performed in R using the approx function 

(R Core Team, 2018).  

𝛽𝜑 =
(𝜑16−𝜑5)+(𝜑95−𝜑84)

2𝜎𝜑
                                               (10) 

To analyze the success of the system, the percent reduction in d50 from the control setting 

was calculated for each test. Along with the percent reduction in d50, the bias of each 

opening size from the control data was determined. This was done as shown in Eq. 11. 

(𝑀𝜑𝑐𝑜𝑛𝑡𝑟𝑜𝑙
− 𝑀𝜑𝑠𝑒𝑡𝑡𝑖𝑛𝑔

)     (11) 

 On the Wentworth Scale for grain size classification (Wentworth, 1922), each grain size 

classification ranges by a 𝜑 of 1. For the sake of this analysis, a change was considered to 

significant if the bias between the mean grain sizes was larger than a 𝜑 of 1, thus a full 

change in grain classification.  

3.1.1.2 Alternative Statistical Analysis 

Bootstrap 

An alternative method of statistical analysis was developed as well. This method 

was only performed on the original test of the suction head. The process was developed in 

order to improve the existing statistics of the data, beginning with a bootstrap analysis to 

improve the sample size. Both the original data and the bootstrapped data was then fit to 

both a Weibull and a beta distribution.  
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To begin the bootstrap analysis, the weights of each individual grain size were 

resampled 5000 times, 3 weights per grain size. An example of the process is shown in Fig. 

17 for the control sample at a grain size of 0 phi or 1 mm.  

 

Figure 17: Resampling process  

Continuing from this process, each row of resamples was summed for each of the 7 sieve 

sizes, thus resulting in a dataset consisting of 7 columns with 5000 rows. The rows were 

then summed again to produce total sample weights for each resample as depicted in Fig. 

18.  

 

Figure 18: Bootstrap sample weights  
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To develop the bootstrap proportion to be used for the Weibull and beta distributions, the 

sum of each grain size for each resample is divided by its respective total sample weight to 

produce a data set similar to the example shown in Fig. 19. In viewing Figure 19, the 

“prop” columns are referring to a portion of the whole sample out of 1. For example, if 

looking at resample 1, a grain size of 0 phi, prop 1, makes up 0.93% of the sample, 

followed by a size of 1.23 phi making up 15% of the total sample weight, and so on.  

 

Figure 19: Bootstrapped proportions  

 The error between the bootstrap data and the measured data was calculated as well. 

This calculation was done by determining the standard deviation of the bootstrapped data 

for each individual grain size.  

Weibull 

Weibull distributions were developed that fit the sediment data from each dredge 

head setting of the original no shroud test. To do this, the values for 𝛼 and 𝛽, the shape and 

scale parameters, were estimated by applying the method of maximum likelihood. Doing 

this develops the following equations, in which 𝛼 can be interpolated for using R (Devore, 

2016) where 𝑥𝑖 is each of the proportions of each grain size to sample weight and n 

is sample size. 

 𝛼 = [
∑ 𝑥𝑖

𝛼∗ln (𝑥𝑖))

∑𝑥𝑖
𝛼 −

∑ 𝑙𝑛(𝑥𝑖)

𝑛
]

−1

                                     (12) 
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𝛽 = (
∑𝑥𝑖

𝛼

𝑛
)

1/𝛼

                                                (13) 

 This process was done for the original measured data, as well as the bootstrap 

proportions. With the estimated parameters, the probability density functions and 

cumulative distribution functions were both fit to the data.  

Beta 

Beta distributions were developed by determining the alpha parameter which was 

found using the equation shown involving mean and standard deviation (Devore, 2016).  

𝛼 = (
1−𝜇

𝜎2 −
1

𝜇
) 𝜇2                                                    (14) 

The below equation is then solved by substituting in the calculated alpha.  

𝛽 = 𝛼(
1

𝜇
− 1)                                                       (15) 

 Using these two parameters, the beta distribution curve can then be fit for each set 

of sediment data both original and bootstrapped.  

 3.1.2 Effectiveness by Percent Solids 

In reviewing percent solids data of previous dredging projects, the data can be 

compared to this pilot study data to determine effectiveness.  The New Bedford Harbor 

Superfund Site, average percent solids ranged from 8-15% solids (Gaynor et al., 2010). 

Other projects such as the Grasse River Pilot in Massena, NY averaged as low as 2-5% 

solids while Collingwood Harbour in Ontario, Canada averaged up to 30% (Service 

Engineering Group, 2002). Average percent solids of 40-50% during a project can be 

achieved (Raymond, 1984), however, dredging at a constant 50% solids or greater begins 

to introduce the risk of clogging in the pump and can become undesirable. Effectiveness of 

the system was evaluated by examining the percent fines and percent coarse material by 

total sample weight of each sample. The change of these values was calculated from the 

control test to examine, by weight, how much the system reduced or increased the amount 

of coarse or fine material entrained.  
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3.1.3 Efficiency 

The efficiency of a dredged system is typically defined as the average percent 

solids being dredged, over the maximum percent solids attainable. The maximum percent 

solids attainable is the maximum percent solids that the pump can achieve before 

cavitating, which is typically determined during operation by a production meter (Turner, 

1984). The pilot scale testing of this dredging system did not include access to a production 

meter, thus the maximum percent solids for the sake of this thesis was redefined as the 

percent solids obtained during the control test. This efficiency calculation is displayed in 

Eq. 16. 

𝜂𝑔𝑒𝑛𝑒𝑟𝑎𝑙 =
% 𝑆𝑜𝑙𝑖𝑑𝑠 𝑆𝑒𝑡𝑡𝑖𝑛𝑔

% 𝑆𝑜𝑙𝑖𝑑𝑠 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
                                                  (16) 

To better examine the effectiveness of the system with respect to fine material, we 

can then define a relative fines efficiency as the ratio of percent fine material of the test 

setting to the percent fine material of the control setting. This relative fines efficiency is 

demonstrated in Eq. 17. 

𝜂𝑅𝑓𝑖𝑛𝑒𝑠
=

% 𝐹𝑖𝑛𝑒𝑠 𝑆𝑒𝑡𝑡𝑖𝑛𝑔

% 𝐹𝑖𝑛𝑒𝑠 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
                                                   (17) 

3.1.4 Production Rates 

The production rates of the system were determined to gauge the productivity of 

the system at its current design. A standard production rate was calculated that considered 

all solids of the system as demonstrated by Eq. 18 (Turner, 1984) where GPM is the flow 

rate given in gallons per minute.  

Pr (
𝑦𝑑3

ℎ𝑟
) = 𝐺𝑃𝑀 ∗ 𝐴𝑣𝑔 % 𝑆𝑜𝑙𝑖𝑑𝑠 ∗ 0.297                                    (18) 

Following the standard production rate calculations, a fines production rate that only 

evaluated the amount of fine material was calculated as well. This is demonstrated in Eq. 

19. 

Pr
fines

(
𝑦𝑑3

ℎ𝑟
) = 𝐺𝑃𝑀 ∗ 𝐴𝑣𝑔 % 𝐹𝑖𝑛𝑒𝑠 ∗ 0.297                                    (19) 
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For both production rate calculations, a flow rate of 120 GPM was used, which was the 

operational flow rate of the system throughout testing. Since the percent solids determined 

from the sediment analysis were based upon dry sediment weights, these production rates 

can be considered dry material production rates. 

3.1.5 Scaled Design 

 To improve the production rates evaluated from section 3.1.4, a scaled design of 

the system was developed. This was done by increasing the flow rate used, and redesigning 

the dimensions of the suction head based on the new flow rate so the optimal intake 

velocity for 0.3 mm preclusion can still be achieved.  

 Design flow rates corresponding to flow rates of a typical dredging project were 

examined between the range of 1000-5000 GPM. Pumps for the design were selected from 

Eddy Pump Corporation. The preferred operating ranges from the pump curves of each 

slurry pump listed were examined to determine the pump selection. An example of the 

performance curves of the pumps can be seen in Fig. 20. 

 

Figure 20: Performance Curves (EDDY Pump, 2018) 

From these performance curves a 6-inch discharge (8-inch suction) heavy duty slurry pump 

was selected for operational ranges between 1000-1800 GPM. A 12-inch discharge (14-
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inch suction) heavy duty slurry pump was selected for operational ranges between 1800-

5000 GPM.  

 Two different suction head scaled designs were established. One design for 

operation with the 8-inch pump and the second for operation with the 12-inch. To maintain 

similar intake velocity profiles to the original suction head design, the ratio of suction head 

diameter to suction head height was kept similar to the original pilot design. The ratio for 

the pilot designed suction head was found to be 3.6 for the open setting of the original 

design, to preclude sediments 0.3 mm or larger. This factor was then set as the minimum 

ratio that the scaled designs could maintain. By doing this, the flow can maintain 

uniformity throughout the intake area so that the intake velocity does not drop significantly 

toward the bottom of the head due to too large of an opening. Re-solving the continuity 

equation, Eq. 1, given the new flow rates and the same optimal velocity of 4.15 cm/s to 

preclude sediment 0.3 mm and larger, the required area of the new suction head was 

determined. Based on the diameter to height factor previously established, the new suction 

head diameter and the optimal suction head height for sediment preclusion was found. 

 To scale the shroud to the new up-scaled suction head, the proportions of the new 

shroud can be determined based on the original design’s proportions with respect to the 

diameter of the suction head. The design drawings of the original shroud are shown below 

in Fig. 21 and Fig. 22.  

 

Figure 21: Side View Shroud Dimensions (Weaver et al., 2018) 
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Figure 22: Top View Shroud Dimensions (Weaver et al., 2018) 

 From these dimensions it is seen the ratio of the suction head diameter to the width 

of the top is 9/10 and the ratio of the diameter to the width of the base is 9/16. The ratio of 

the suction head diameter to height is 18/14. To determine the width of the scaled shroud, 

the new diameter from the scaled suction head can be multiplied by 10/9 and to find the 

width of the bottom, the same diameter can be multiplied by 16/9. To determine the new 

height, 14/18 was multiplied by the new scaled suction head diameters.  

3.2 Cost Analysis 

3.2.1 Project Description 

To accurately estimate dredging costs, a project needed to be framed.  After 

defining the project, its inputs can be put into the CDS Dredge Production and Cost 

Estimation Software. The two major project parameters for the cost analysis are as follows: 

1) 200,000 cubic yards of dry material to be dredged 2) beneficial use disposal by transport 

of 2 additional barges.  
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Production Inputs 

Although the program can calculate expected production rates, the production rates 

in the program were overridden with production rates established from percent solids taken 

from pilot scale testing. The production rates of the full-scale project were determined 

using the same equations from section 3.1.4, Eq. 19 and replacing the flow rate of 120 

GPM with the flow rates defined for the scaled system between 1000-5000 GPM, 

correlating with the 8” suction diameter and 14” suction diameter pump. The assumption 

was made that the average percent solids maintained from the pilot-scale design, would be 

similar to that of the full-scale design since the intake velocity is remaining constant. From 

the scaled design, which was based upon the pilot design of the suction head with the 

shroud at the open setting, the percent fines by volume from the pilot testing at that setting 

of 0.2% was used for the fines production rate. These fines production rates were then used 

as the input production rate for the cost estimation software.   

Pipeline Inputs 

 Pipeline costs, although a small portion of the total project cost, are estimated by a 

user input of maximum pumping distance and average pumping distance, and what 

percentage of the pipeline is floating, submerged, or a shore pipe (Randall, 2000).  Since 

the pipeline costs compared to the entire project costs are relatively small, assumptions in 

pipeline lengths can be made without greatly affecting the total project cost.  Given that the 

disposal method used will be beneficial use, utilizing 2 barges, it was assumed that the 

slurry will be pumped from the suction dredge to one of the barges at a time. An 

assumption was also made that the maximum distance pumped between the dredge and 

barge will be 100 ft, with an average pumping distance of 50 ft all through a floating 

pipeline.  

Default Settings 

 The beneficial use method was selected as the disposal method for the dredged 

material in the program, assuming that the dredged solids from muck would be transported 

elsewhere for repurpose such as fertilizer.  Changes to equipment on the execution default 

page were made so that costs could be adjusted to include one dredge and 2 disposal 
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barges. The mobilization page was manipulated as well to utilize the Bray, Bates, and Land 

(Bray et al., 1997) option to obtain the mobilization and demobilization costs.  

3.3 Treatment System 

3.3.1 Lab Testing 

 Laboratory tests were performed on a regular basis to determine the effectiveness 

of the ferrate treatment. This involved the synthesizing of a new batch of ferrate for each 

test being performed. Testing was performed by varying the ferrate concentration as well 

as pH. Changes in pH, ammonia, total phosphorous, organic phosphorous, nitrate, nitrite, 

total iron, and turbidity were measured post-treatment. Lab testing and analysis included 

the use of a Phipps and Bird mixer, a Hach HQ440 multi-meter for measurements of 

ammonia, pH, and nitrite, a Hach DR 6000 for measurements of phosphorous and iron, and 

a Hach 2100Q turbidimeter. Ferrate was synthesized using a wet oxidation method by 

oxidizing iron (III) chloride or iron (III) sulfate by calcium of sodium in caustic soda, 

resulting in a makeup of 12% bleach, 40% ferric chloride or sulfate, and 50% caustic 

(Waite, 2012). Testing began by synthesizing the ferrate and then dosing the sample via 

syringe. Once the sample had been dosed, the pH was monitored and then lowered by an 

addition of acid. The samples would be mixed for a set time period to allow the particles to 

flocculate. Following mixing, the changes in the various parameters to be measured were 

made. Further details regarding the procedures and individual results of each test variation 

can be found in Appendix F of Weaver et. al. (2018).  

3.3.2 Pilot-Scale Testing 

The full capability of the dredging system coupled with the treatment system was 

tested by use of a dredging pontoon, and the mobile treatment trailer at the C-1 canal. 

Large batches of ferrate were synthesized in lab and transported to the pilot site for use in 

the trailer following the pumping of the dredge slurry. Flow was pumped up the hill from 

the canal and was either sent directly through the treatment trailer or diverted into a settling 

pond for treatment at later times. Flow was also diverted into a discharge pond to 
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determine in-situ slurry analysis before being sent uphill to treatment. A not-to-scale 3-D 

rendering of the pilot-scale operation is displayed in Fig. 23.  

 

Figure 23: Model Diagram of On-Site Dredging (Weaver et al., 2018) 

Dredging from the canal was performed on board a pontoon developed by students 

for variable area suction head deployment as shown in Fig. 24.  

 

Figure 24: Deployment Pontoon (Weaver et al., 2018) 
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Slurry was then pumped to the treatment trailer for the initial hydrocyclone phase 

of treatment. In the case of this dredging treatment system, a dual-series of hydrocyclones 

was used with meshes ranging from ASTM no. 30 to 100. Final testing resulted in the use 

of combinations of mesh sizes 40 and 30 as well as 40 and 60 (Weaver et al., 2018). Based 

upon the Wentworth scale, no. 60, 40 and 30 meshes can filter particles larger than 0.25 

mm, 0.43 mm and 0.545 mm respectively. An example of the hydrocyclones used in 

testing can be seen in Fig. 25.    

 

Figure 25: Hydrocyclones in Use (Weaver et al., 2018) 

 To treat the dredge slurry following the hydrocyclone process, injection lines were 

included in the treatment trailer. An initial line would inject ferrate into the dredging slurry 

during flow, following the hydrocyclone treatment. The ferrated slurry would then flow 

into the initial tank where it was mixed via motorized mixer. A second line would then 

inject the slurry with acid to lower the pH as it flowed from the first tank to the second, 

where it was then mechanically mixed as well. The treated slurry then flowed into a third 

tank to allow for further separation of coagulated particles. This is demonstrated in Fig. 26.  
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Figure 26: Ferrate Treatment Trailer (Weaver et. al., 2018) 

Within the treatment trailer, flow can be monitored and manipulated during dredging for 

real-time optimization of the system. To determine the results of the pilot scale testing, 
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water samples were taken from the system at the pilot site and transported to lab to be 

further analyzed using the Hach equipment.  

The effectiveness of the combined system was evaluated in two parts, the 

effectiveness of the hydrocyclones ability to filter coarse particles from the slurry, and the 

effectiveness of the ferrate treatment in removing nutrients and finer particles remaining in 

the slurry. To determine this effectiveness, samples were taken from two tests performed at 

the pilot scale. One test including the use of the 40 & 30 mesh combination and one test 

including the use of the 40 & 60 mesh combination. Samples were collected at the bottom 

of the hill, before slurry was pumped through the trailer, just before entering the 

hydrocyclone system, and just after passing through the hydrocyclones.  These samples 

were analyzed statistically using the methods outlined for the lab testing in section 3.1.1.1. 

To determine the effectiveness of the ferrate treatment, the original samples taken from the 

hydrocyclones were analyzed for baseline contents of ammonium, nitrite and nitrate, 

dissolved organic nitrogen (DON), total dissolved nitrogen (TDN), phosphate, dissolved 

organic phosphorous (DOP), total dissolved phosphorous (TDP), and silica. The samples 

were then treated with ferrate and analyzed again. 

3.3.3 Recyclability 

Due to the chemical nature of the iron-based ferrate treatment, as well as the 

composition of the settled material once the slurry has been treated with its high nutrient 

content, the precipitate from the treatment lends itself to recyclability. To determine the 

effectiveness of the soil conditioning capabilities of the precipitate, an agricultural 

experiment was developed. The experiment consisted of the planting, treating and 

monitoring of baby bell peppers in an on-campus greenhouse. Initial planting shown in Fig. 

27, began on October 12th, 2016 and was monitored until May 25th, 2017.  
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Figure 27: Initial Pepper Planting 

 The experiment consisted of the planting of 80 seeds total, 40 of which were 

considered a control group, and 40 of which were tested on. The test group received 4 mL 

of treatment bi-weekly with both groups making use of bottom irrigation (Weaver et al., 

2018). The treatment, Fig. 28, was administered directly to the plant seed and roots via 

syringe. Upon progress of the experiment, the bins containing the plants were rotated to 

receive equal amounts of sunlight (Weaver et al., 2018) and plants were also staked via 

bamboo rods once significant growth began.  

 

Figure 28: Plant Treatment (Provost et al., 2018) 
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Chapter 4: Results 

 The results from the testing and analysis of the dredging system are broken down 

by the results of the variable area suction head, the cost analysis, and the treatment system. 

By evaluating the results shown, the feasibility of the variable area dredge coupled with a 

mobile ferrate-based treatment facility can be established.  

4.1 Variable Area Suction Head 
 The results that governed the success of the pilot variable area suction were the 

sediment statistics, effectiveness based on percent solids, efficiency, and production rates. 

From these results, the shroud test at the open setting was selected as the basis for the 

scaled design.  

4.1.1 Sediment Statistics 

 The sediment statistics based on the log-normal distributions, following the Inman 

method, were performed. Along with these, the statistics based upon fitting the data to a 

Weibull and beta distribution were performed with additional distributions developed from 

the bootstrap analysis.  

4.1.1.1 Log-Normal Distributions 

Following the methods of statistical analysis as outlined in section 3.1.1, 

cumulative distribution functions, and the statistical parameters of the distribution were 

determined for each test. The cumulative distribution functions and calculated statistics for 

each test by using the combined method can be found in Appendix B.1. The CDFs and 

statistics calculated using the averaging method outlined by Weaver et al. (2018) can be 

seen in Appendix B.2, along with the calculated difference in mean grain size between the 

two methods. For each CDF figure a dotted line is plotted at both 50% coarser by weight to 

represent the median grain size, 𝜑50, or d50 value when in mm, and at a phi of 1.74 to 

represent the design grain size of entrainment at the open setting of 5 inches. 

The percent reduction in grain size using the averaging method can be found in 

Appendix B.2. Summarized results utilizing the combining method for the percent 
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reduction in d50 and the percent increase in 𝜑5o are displayed in Tables 2 and 3. Tables 2 

and 3 both demonstrate the largest percent reduction in grain size occurring in the shroud 

extension test and the jet ring half flow test. 

Table 2:Percent Reduction (%) in d50 (mm) 

 Closed Halfway Open 

Original 6.54 22.66 30.23 

Shroud -6.67 24.17 43.94 

Passive Jet 39.04 37.40 37.61 

Jet Ring Full-Flow 40.90 43.68 38.56 

Jet Ring Half-Flow 78.63 37.53 78.33 

Pressure Washer 47.85 53.66 30.98 

Shroud Extension 71.73 

 

Table 3: Percent Increase (%) in φ50 

 Closed Halfway Open 

Original 5.69 21.58 30.23 

Shroud -5.28 22.66 47.39 

Passive Jet 42.93 40.62 40.91 

Jet Ring Full-Flow 47.17 51.50 43.69 

Jet Ring Half-Flow 123.63 37.55 122.08 

Pressure Washer 47.25 55.83 26.91 

Shroud Extension 121.82 

  

 The bias between the mean grain sizes of each test at each setting are displayed 

below in Table 4. A low bias indicates a reduction in the mean grain size while a bias 

above 0 is indicative of an increase in mean grain size. 
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Table 4: Grain Size Bias 

 Closed Halfway Open 

Original 0.30 0.18 0.08 

Shroud -0.01 -0.64 -1.08 

Passive Jet -1.10 -1.10 -1.10 

Jet Ring Full-Flow -1.23 -1.29 -1.2 

Jet Ring Half-Flow -1.11 -0.86 -1.18 

Pressure Washer -0.38 -0.46 -0.22 

Shroud Extension -1.73 

4.1.1.2 Alternative Statistics 

Bootstrap 

The data from the bootstrap analysis is reflected in the following table which 

shows very minimal error between the samples. This result is expected due to the fact the 

original sample size from which the data was bootstrapped was very small. A large sample 

size can typically be considered to be 40 samples or greater (Devore, 2016). The measured 

proportions are referring to the results of the measured data alone, while the bootstrap 

means is referring to the means of the 5000 proportions created from the resampled data. 

Table 5: Bootstrap Error Control Test (Provost et al, in prep) 

 
Prop 

1 

Prop 

2 

Prop 

3 

Prop 

4 

Prop 

5 

Prop 

6 

Prop 

7 

Measured 0.019 0.272 0.332 0.153 0.018 0.005 0.200 

Bootstrap 

Means 

0.020 0.271 0.337 0.160 0.020 0.005 0.188 

Difference 0.001 0.001 0.005 0.007 0.001 0.000 0.012 

Standard 

Error  

0.009 0.120 0.120 0.070 0.010 0.002 0.140 
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The data was also visualized graphically by plotting the measured data for each grain size 

and the means of the bootstrapped data in Fig. 29. In the figure, there is very little 

difference in spacing from the measured proportions to the means of the bootstrap 

proportions. 

 

Figure 29: Bootstrap Error (Provost et al, in prep) 

Weibull 

To visualize the results of fitting the data to the Weibull distribution, heat maps 

were developed from the probability density functions. These heat maps as well as the 

cumulative distribution functions of each setting can be found in Appendix B.3 for both the 

original and bootstrapped data. In the figures, darker, blue colors represent denser areas 

where there is a larger likelihood a grain size will make up a respective portion of the total 

sample weight. In both Fig. 50 and Fig. 51, the dense areas of the heatmaps shift between 

opening sizes of the suction head, and between measured versus bootstrap results.  

Beta 

 Heat maps were developed for the beta distribution PDFs and CDFs as well. The 

heat maps and cumulative distribution functions for the beta distributions of the measured 

and bootstrap data at each test setting can be found in Appendix B.3. In the heatmaps, 

darker, blue colors are representative of denser areas. Similarly, to the Weibull results, in 
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Fig. 54 and Fig. 55, the dense areas of the map shift between the bootstrap and measured 

results, as well as the results between opening settings of the suction head. 

4.1.2 Effectiveness by Percent Solids 

 Figures visualizing the percent change in percent coarse and percent fine material 

in the slurry from each test setting to its respective control sample can be found in 

Appendix B.4. Pressure washer data was ignored due to poor testing methods while 

sampled and inaccurately produced data. Fig. 59 representing the shroud test demonstrates 

a large increase in fine material, and a large reduction in coarse material, while other tests 

demonstrate large reductions in coarse material, but also reductions in fine material, or 

very slight increases in only 2 cases.   

4.1.3 Efficiency  

 Fig. 30 and Fig. 31 demonstrate the general efficiency and relative fines efficiency 

of each test. Results from the pressure washer test were ignored due to poor testing 

procedures and outlier data. Largest efficiencies are seen in Fig. 30 in the passive jet test, 

and the jet ring half flow and shroud tests. The smallest are seen in the no shroud and the 

extension test. 

 

Figure 30: General Efficiency 

0

10

20

30

40

50

60

70

80

90

100

No Shroud Shroud Jet Ring Full
Flow

Jet Ring Half
Flow

Passive Jets Extension

General Efficiency 

Control

Open

Halfway

Closed



37 
 

In Fig. 31, the largest relative fines efficiencies were seen in the shroud test, specifically at 

the open setting, while the smallest were seen in the no shroud test. Relative fines 

efficiencies in other tests remained relatively close to one another.  

 

Figure 31: Relative Fines Efficiency 

4.1.4 Production Rates 

Production rates based on total percent solids as well as percent fines are displayed 

in Tables 6 and 7. Environmental dredges typically have lower production values of less 

than 600 cy/hr to remain precise (Randall et al., 2011). As stated in section 3.1.2, projects 

can see percent solids as low as 2-5% (Service Engineering Group, 2002) which would 

also result in low production rates between 5.94-14.85 cy/hr if operating at 1000 GPM if 

the solids are considered to be dry.  Comparing these values to those represented in Table 

6, the production rates maintained during pilot testing are within reason with the highest 

occurring with the shroud at the closed setting and the lowest during the extension test. 

Given that the percent solids were calculated based on the dry weight of material, these 

production rates are considered dry production rates. However, in-situ production rates are 

listed as well based upon muck composed of 85% water by volume. 
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Table 6: Dry Production Rates cy/hr (In-situ Production Rates cy/hr) 
 

Open Halfway Closed 

No Shroud 7.11 (47.4) 9.49 (63.27) 6.78 (45.20) 

Shroud 7.19 (47.93) 11.51 (76.73) 12.72 (84.80) 

Jet Ring Full Flow 7.96 (53.07) 7.07 (47.13) 7.64 (50.93) 

Jet Ring Half Flow 3.81 (25.40) 6.08 (40.53) 2.82 (18.80) 

Passive Jets 7.64 (50.93) 8.97 (59.80) 10.27 (68.47) 

Extension 3.32 (22.13) 
  

 

The highest fines production rate was seen during the shroud test at the open setting, and 

the lowest occurred during the no shroud test at the closed setting.  

Table 7: Dry Fines Production Rates cy/hr (In-situ Production Rates cy/hr) 
 

Open Halfway Closed 

No Shroud 0.75 (5.00) 0.85 (5.67) 0.66 (4.40) 

Shroud 2.15 (14.33) 1.65 (11.00) 1.52 (10.13) 

Jet Ring Full Flow 1.56 (10.40) 1.61 (10.73) 1.59 (10.60) 

Jet Ring Half Flow 1.99 (13.23) 1.38 (9.20) 1.57 (10.47) 

Passive Jets 1.47 (9.80) 1.57 (10.47) 1.64 (10.93) 

Extension 1.23 (8.20) 
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4.1.5 Scaled Design 

Design 

The results of the calculations for scaling up the system are demonstrated below in 

Tables 8 and 9 for both pump selections at the selected flow rates. The up-scaled suction 

head was also designed to preclude grain sizes of 0.3 mm or larger utilizing the optimal 

intake velocity of 4.15 cm/s established from the original suction head design at the open 

setting.  

Table 8: 6-inch Pump Design (Intake Velocity=4.15 cm/s) 

Flow Rates (GPM) 1000 1800 

Area Required (ft2) 16.38 29.49 

Diameter (ft) 6 6 

Opening Height (in) 10.43 18.77 

Diameter : Height 6.90 3.84 
 

Table 9: 12-inch Pump Design (Intake Velocity=4.15 cm/s) 

Flow Rates (GPM) 1800 2000 3000 4000 5000 

Area Required (ft2) 29.49 32.76 49.15 65.53 81.91 

Diameter (ft) 10 10 10 10 10 

Opening Height(in) 11.26 12.52 18.77 25.03 31.29 

Diameter : Height 10.65 9.59 6.39 4.79 3.84 

 

Curves displaying opening height to the expected grain of preclusion are seen in Fig. 32 

and 33 for each suction head design. A dotted reference line is plotted at 0.3 mm to 

visualize the design preclusion size and the opening heights associated with it for each 

design.  
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Figure 32: 6-ft Diameter Head Height to Grain Size Curves 

 

Figure 33: 10-ft Diameter Head Height to Grain Size Curves 

 The following table outlines the dimensions of the shroud that would be required 

for both new suction head designs.  
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Table 10: Scaled Shroud Dimensions 

Suction Head 

Diameter  

Top Width Base Width  Height 

6’ 6’ 8” 10’ 8” 4’ 8” 

10’ 11’ 1 1
3
” 17’ 9 2

3
” 7’ 9 1

3
” 

 

4.2 Cost Analysis 
 The dry production rate inputs for each pump diameter are displayed below in 

Table 11 with in-situ production rates represented parenthetically. The largest production 

rate as anticipated is associated with the largest flow rate. 

Table 11: Cost Estimation Production Inputs: In-situ production rates represented parenthetically 

Dredge Diameter 8” 14” 
Flow Rate 

(GPM) 
1000 1800 2000 3000 4000 5000 

Dry Fines 
Production Rate 

(cy/hr) 

6.23 
(41.67) 

11.22 
(74.80) 

12.46 
(83.07) 

18.69 
(124.60) 

24.92 
(166.12) 

31.15 
(207.67) 

 

Tables 12 and 13 display the estimated project costs, broken down by execution costs, 

mobilization and demobilization, project time necessary and cost per cubic yard. From the 

tables, it is seen that when changing the production rates of the individual designs, the cost 

of execution and the mobilization/demobilization costs remain constant, but these costs 

increase when moving from the smaller design to the larger design. Project time decreases 

with an increase in production rate, resulting in smaller project costs associated with larger 

flow rates.  
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Table 12: Project Costs for an 8" Suction Pump: In-situ production rates represented parenthetically 

Dry Fines 
Production Rate 

(cy/hr) 

6.23  
(41.67) 

11.22  
(74.80) 

Cost of Execution 
(per day) 

$14,100 $14,100 

Mob/Demob $67,800 $67,800 
Time Required 

(months) 
79.9 44.3 

Cost/cy $172 $95 
Total Project Cost $34,400,000 $19,000,000 

 

Table 13: Project Costs for a 14" Suction Pump: In-situ production rates represented parenthetically 

Dry Fines 
Production Rate 

(cy/hr) 

12.46 
(83.07) 

18.69 
(124.60) 

24.92 
(166.12) 

31.15 
(207.67) 

Cost of Execution 
(per day) 

$17,600 $17,600 
 

$17,600 $17,600 

Mob/Demob $80,600 $80,600 $80,600 $80,600 
Time Required 

(months) 
39.9 26.6 20.0 16.0 

Cost/cy $107 $72 $54 $43 
Total Project Cost $21,400,000 $14,400,000 $10,800,000 $8,600,000 

 

4.3 Treatment System 

4.3.1 Pilot Scale Testing 

The results of the field testing of the system are demonstrated via the CDF in Fig. 

34, as well as the statistical reductions and percent changes shown in Tables 14 and 15. 
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Figure 34: Combined System CDF 

Fig. 34, as well as the results outlined in Table 14 and 15, all show a clear reduction in the 

mean grain size following the hydrocyclone treatment. The largest reduction was seen in 

the combination of the 40 & 30 mesh, shown in Table 15.   

Table 14: Shroud Extension Test Statistical Parameters of Combined Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Pre-trailer 1 2.50 1.61 0.35 0.35 

Pre-trailer 2 2.56 1.25 0.31 -0.31 

40 & 30 mesh 3.33 0.88 -0.60 -0.60 

40 & 60 mesh 3.21 0.99 -0.47 -0.47 

Bottom of hill 2.77 1.39 0.27 0.27 

 

Table 15: Percent Change (%) in φ50/ d50 Pre-Trailer to Post-Hydrocyclone 

 40 & 30 mesh 40 & 60 mesh 

𝜑 89.07 78.17 

mm 69.82 69.04 
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Figures displaying the reductions of each concentration of nutrient that was 

examined following the ferrate treatment can be found in Appendix B.5. All figures 

representing nutrient concentrations demonstrate a reduction, except Fig. 64 where an 

increase in ammonium was experienced.  

4.3.2 Recyclability 

 From the initial planting of the pepper plants, 32 of the control pepper seeds 

planted germinated while 34 from the test group did (Weaver et al., 2018). Qualitative 

results from the experiment in terms of growth can be seen in the time-lapse figures below. 

More growth can be seen in the set of plants tested with the conditioner compared to the 

untreated control group.  

 

Figure 35: Pepper Plant Time Lapse 
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Chapter 5: Discussion 
 Overall, the feasibility of the variable area suction head coupled with an in-line 

slurry treatment facility was evaluated based on 7 difference parameters:  

1) dredge head’s capability of reducing d50 based on sediment weight;  

2) dredge head’s capability of reducing total percent coarse material based on total 

slurry weight;  

3) efficiency of the dredge head based on percent fines maintained;  

4) production rates of fine grained material,  

5) ability of scaling the dredge head and associated project costs; 

6) treatment trailers ability to reduce d50 and nutrients in the slurry; and  

7) recyclability of the treatment precipitate.   

In general, a successful suction head, and a successful scaled dredging project utilizing the 

design, is based on the system’s ability to reduce coarse material, but do so in an efficient, 

cost effective manner that can be applicable to a variety of dredging projects.  

 In reviewing the results of section 4.1.1, whether the dredge head was effective in 

reducing d50 was evaluated along with the effectiveness in fitting the sediment data to 

additional statistics such as the Weibull and beta distribution. Data shown in Table 2 

revealed the jet-ring half flow test as the most effective in d50 reduction, with a reduction of 

78.33%. Although based on d50 reduction the jet-ring half flow test was most successful, 

after interpreting information given in Table 4 regarding the bias between the control group 

and test setting based upon the mean grain size, the most significant change was shown 

with the extension test with a bias of -1.73. In other words, based on the Wentworth Grade 

Scale, the average grain size of the control was that of a medium grained sand which was 

then further reduced to a very fine sand following the addition of the shroud extension. The 

alternative statistical method provided insight into secondary options of sediment analysis 

as well. Reviewing the heatmaps of both the Weibull and the beta distributions, when 

looking at the open setting compared to the control, fine material made up more of the 

sample weight as seen in Fig. 50 and Fig. 54. In terms of the bootstrapped data, Fig. 29 

showed very little bootstrap error, however, the bootstrapped results shown in Appendix 



46 
 

B.3 did offer slight changes in the distributions compared to the measured. These 

bootstrapping results indicate that using a bootstrapped method is a possible avenue for 

analyzing sediment data for the other tests with small sample sizes. Despite the fact the 

suction head was effective in reducing the grain size based on the sediment sample weight, 

it does not speak to how effective the system was in coarse preclusion based on total 

sample weight, water included.  

  The effectiveness of the system based on the percent solids of the slurry can be 

examined by interpreting the figures presented in Appendix B.4. Specifically reviewing 

Fig. 61 and Fig. 63, the test settings that were considered the best in reducing grain size 

based on sediment weight were reviewed: jet-ring half flow and the extension test 

respectively. From these figures, it was seen that the jet-ring half flow test, at the open 

setting (which is optimal) saw a 27% reduction in fine grained material and an 83% 

reduction in coarse grained material. Meanwhile, the extension test resulted in a 22% 

reduction in fine grained material and a 97% reduction in coarse grained material based on 

total sample weight.  

However, the shroud test produced a 111% increase in fine material, and an 83% 

reduction in coarse grained material, results that were considered to be very positive. It was 

suspected that the jet-ring tests performed poorly compared to the shroud test because the 

jetting system was introducing more water into the system, thus reducing the percent solids 

obtained, rather than its designed purpose of suspending more sediment to be entrained by 

the system. The author speculates that in the extension test case, the extension simply did 

not have a high enough intake velocity at its base to entrain a significant amount of 

material. Relating these percent solids to efficiency and production rates, allows the results 

of the design to then be visualized more from a dredging project perspective rather than 

just experimental data.   

 In relating percent solids to efficiency, relative fines efficiency, and production 

rates, the results of the dredge head testing can be easier manipulated to scale a full project 

design. The most efficient test in terms of general efficiency as displayed in Fig. 30 was 

the passive jet test at the closed setting with an approximate 70% efficiency when 
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compared to the control test. However, although the efficiency of this test was the highest, 

because the general efficiency is based on all percent solids, both fine and coarse material, 

it was not necessarily the best in fines reduction. Thus, the relative fines efficiency as 

demonstrated in Fig. 31 was established, which proved the shroud test at the open setting 

most effective with a 211% percent relative fines efficiency. This large relative efficiency 

translates to the fact that of the solid material being brought into the system, more is fine 

grained. It is not stating that the system is bringing in more solid material overall. Applying 

the percent solids then to production rates resulted in the shroud test at the closed setting 

being the most productive at 12.72 dry cubic yards an hour, or 84.8 in-situ cubic yards an 

hour of muck that is 85% water by volume. The shroud test at the open setting was the 

most productive with respect to fine material removal at 2.15 cubic yards of dry fine 

material an hour, or 14.33 cubic yards in-situ. This can be considered a very small 

production rate, although it was to be expected when operating in a small system at only 

120 GPM, and it is still comparable to projects with low maintained percent solids. Having 

the largest fines production rate; however, this led to the shroud design at the open setting 

to be the target design for the scaled-up system.  

 Scaling up the system, and performing a cost analysis for a full project was key in 

determining the potential of the system to be used full scale. The scaled-up design of the 

suction head resulted in two different designs, each for different pump sizes, which had 

been determined from the operational flow rate ranges selected as explained in section 

3.1.5. This resulted in a 6 ft diameter suction head and a shroud with a roughly 11 ft base, 

and a 10 ft diameter suction head and a shroud with a roughly 18 ft base. Pros and cons of 

both these designs exist based on not only size but the cost effectiveness of each as well. In 

terms of size, although the larger suction head can increase production rate, it loses the 

capability of dredging smaller areas such as around dock piles and small creeks. Although 

the 6 ft suction head may still have some of these capabilities, it increases project time 

resulting in larger total project costs. Moving to the larger suction head, the daily cost of 

execution as well as the mobilization and demobilization costs increase. As expected, 

operating with the 10 ft diameter suction head at 5000 GPM offers the least cost per cubic 

yard of fine material dredged at $43 based upon a 200,000 cubic yard project. The 6 ft 
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dredge operating at 1800 GPM is still within reason economically with a cost of $95 per 

cubic yard of fine-grained material. The total project cost if the 6 ft dredge were to be used 

at 1800 GPM approximates to $19 million for roughly a 4-year project time or using the 10 

ft design at 5000 GPM $8.6 million in 16 months. This can be compared to existing 

projects in the IRL such as the Brevard County Muck Dredging Project which has included 

an investment of $41.5 million in order to dredge 750,000 cubic yards of muck (Florida 

Department of Environmental Protection, 2017). Assuming the 750,000 cubic yards of 

muck is 85% water by volume, it is best to compare to its dry volume of 112,500 cubic 

yards since the calculations were performed based on a dry fines production rate. 

Comparing the costs associated with the 6 ft design at 1800 GPM with Brevard Country 

muck dredging, costs are reduced by more than half, while dry material dredged for that 

price is nearly double. It is important to note that is unlikely a project of the 5000 GPM 

scale would be feasible for the Indian River Lagoon due to the size constraints as 

previously stated. Although, the design could likely be applicable in larger water bodies 

such as the Chesapeake Bay, where water quality also remains troublesome. These 

estimations were made with the assumption that a beneficial use method of disposal was 

used, and did not incorporate how the in-line slurry treatment could affect costs. The 

addition of an in-line slurry treatment system can potentially reduce costs and volumes by 

allowing in-line dewatering and nutrient removal.  

 Success of the hydrocyclones in the in-line treatment was demonstrated in Fig. 34 

and Table 15. Results showed the use of the hydrocyclones reduced d50 by roughly 70%. 

Nutrient reduction was also achieved in the hydrocyclone treatment with a reduction in 

ammonium of approximately 29% and 22% and in phosphate of 37% and 58% for the 

40+30 and 40+60 mesh combination respectively (Provost et al., 2018). From the figures 

displayed in Appendix B.5, an increase in ammonium was seen of around 166%, however, 

in all other components measured reduction of nutrients was established. Treatment 

obtained an average reduction of about 74% in nitrite and nitrate, 5% in dissolved organic 

nitrogen, 13% in total dissolved nitrogen, 44% in phosphate, 23% in dissolved organic 

phosphorous, 29% in total dissolved phosphorous, and 27% in silica. Although in this 

series of testing the reductions seen are relatively low, additional lab testing of ferrate 
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proved successful in reducing ammonium by over 65%, phosphate by 90%, and turbidity 

by 99.8% (Weaver et al., 2018). The ferrate treatment proved successful in its ability to be 

recycled as well, demonstrated in Fig. 35 where larger growth was seen in pepper plants 

that were treated with the precipitate. It was apparent that the treatment had a significant 

impact on the growth of the plants and throughout all phases of the experiments, the plants 

that were treated with the soil conditioner had taller growth and more leaves. Cost 

effectiveness of using the ferrate treatment was previously evaluated in Weaver et al. 

(2018).  

 Ultimately, by assessing the capability of the suction head in coarse preclusion and 

cost feasibility, as well as the treatment system in d50 reduction, nutrient reduction, and 

recyclability the system proved feasible for full-scale dredging operations. However, 

improvements can be made to the suction head design in order to increase the percent 

solids maintained by the system improving efficiency. The author would recommend 

further testing involving secondary suction head designs prior to utilizing a full-scaled 

design. A possible design to be examined would be that of a radially expanding dredge 

head designs to adjust intake area in the xy-plane rather than the z-plane. This design 

would in theory, maintain the intake velocity profile within the system so velocity drops 

are not seen at the base of the system thus resulting in higher percent solids being 

maintained. Other avenues to be explored would be computational fluid modeling in which 

slurry flow going into the system could be assessed. In exploring methods computationally, 

the fluid flow into the system could be better comprehended, while also investigating other 

design options in a shorter time frame.  In developing a design where the percent solids can 

be improved, it reduces the need for a significantly larger system so that the cost 

effectiveness of the 10 ft suction can still be obtained, but not lose its application for small 

scale projects.  
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Chapter 6: Conclusions 
In assessing the practicality of a variable area dredge in combination with a mobile 

ferrate-based treatment facility, the suction head proved viable in coarse preclusion, 

efficiency, and scalability. The ferrate-based treatment facility proved successful in d50 

reduction, nutrient reduction, and recyclability. This practicality was assessed through both 

lab testing of the suction head and ferrate treatment as well as pilot field studies of the two 

in a coupled system. 

By use of the suction head with the addition of a shroud, reductions of 

approximately 83% in coarse-grained material and increases in fine-grained material of 

over 111% were achieved. Relative fines efficiencies in all tests, excluding the no shroud 

test, of over 70% were achieved as well with a maximum relative fines efficiency of 211% 

resulting from the shroud test at the open setting. Although fines production rates of the 

original system were relatively lower than desired at 2.15 cubic yards of dry material an 

hour, 14.33 in-situ cubic yards an hour for the shroud test at the open setting, scaled 

designs allowed for a maximum dry production rate of 11.22 cy/hr (74.80 cy/hr in-situ) in 

the 6 ft diameter design at 1800 GPM operation and 31.15 cy/hr (207.67 cy/hr in-situ) in 

the 10 ft diameter design at 5000 GPM. These increases in production rates allow for 

reductions in project cost with the 10-ft suction head at 5000 GPM costing roughly $43 per 

cubic yard for a 200,000 cubic yard project. Comparing these evaluated costs, both the 6 ft 

and 10 ft design proved extremely economically feasible when compared to existing muck 

dredging projects, however the dredge sizes may hinder location accessibility.  

Use of the hydrocyclones in the in-line mobile treatment system allowed for 

further d50 reduction up to 70% and reducing ammonium by up to 29% and phosphate up to 

58%. Nutrient removal was seen again following ferrate treatment in nitrite and nitrate, 

dissolved organic nitrogen, total dissolved nitrogen, phosphate, dissolved organic 

phosphorous, total dissolved phosphorous, and silica. The precipitate of the ferrate 

treatment due to its high iron and nutrient concentration demonstrated success as a soil 

conditioner through pepper planting as well.   
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 In the authors opinion, the system proved successful in all aspects in which it was 

examined, including cost feasibility. However, the scaled system leaves room for 

improvement in terms of size constraints, which can be improved on by exploring further 

design options through computational modeling methods.   
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Appendix A: Sediment Processing Procedure (Weaver et al., 2018) 
1. Weigh the sample with its container (baggie) 3 times and record the averaged 

weight. 

2. Weigh all the dry and empty sieves 3 times each and record the averaged weight of 

each. 

3. Stack sieves from smallest to largest size (smallest at bottom) ensuring to have a pan 

at the bottom 

4. Hold the baggie such that sediment settles in corner of baggie 

5. Cut the corner of the baggie and pour sample over the sieves using the water in the 

sample to wash it 

6. Weigh empty sample container (baggie) and record weight 

7. Gently shake/tap sides of sieves one at a time to allow all the water to move through  

8. Add a known weight of water as needed to wash additional sediment through sieves 

and record added water 

9. Empty pan contents into additional beakers/pans as needed (pan may get too full to 

add more water). **Be sure to weigh dry beakers/pans first and record the dry 

container weight; again, weighing each 3 times and recording the averaged weight 

of each 

10. Weigh the sieves with the sediment/water still on them 3 times each and record the 

averaged weight of each 

11. Weigh the total contents from the pan(s) 3 times and record the averaged weight 

12. Use oven to dry all sieves containing sediment/water mix. Allow approximately 15-

30 minutes oven drying time for sieves 

13. Remove sieves from oven and allow them to cool before weighing 

14. Weigh all dried sieves with sediment 3 times each and record average weight of each 

15. Use oven to dry pan contents 

16. Remove pan(s) from oven and allow them to cool 

17. Weigh total dried pan contents 3 times and record averaged weight 

18. Clean and dry all sieves/pans after weights have been taken before repeating steps 

1-18 for the next sample set 
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Appendix B: Supplementary Information 

Appendix B.1 Combination Method of Statistical Analysis 

No Shroud Test 

 

Figure 36: No Shroud Test CDF of Combined Sediment Weights (Provost et al, in prep) 

 

Table 16: No Shroud Statistical Parameters of Combined Weights (Provost et al, in prep) 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 2.35 1.712 0.372 0.372 

Closed 2.05 1.377 0.169 0.169 

Halfway 2.13 0.861 0.050 0.050 

Open 2.27 0.861 0.036 0.036 
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Shroud Test 

 

Figure 37: Shroud Test CDF of Combined Sediment Weights  

 

 

Table 17: Shroud Test Statistical Parameters of Combined Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 1.73 0.801 -0.034 -0.034 

Closed 1.74 1.325 0.055 0.055 

Halfway 2.37 1.310 0.159 0.159 

Open 2.81 1.342 0.157 0.157 
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Passive Jet Test 

 

Figure 38: Passive Jet Test CDF of Combined Weights 

 

 

Table 18: Passive Jet Test Statistical Parameters of Combined Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 1.67 1.139 0.003 0.003 

Closed 2.77 1.222 0.322 0.322 

Halfway 2.77 1.254 0.346 0.346 

Open 2.77 1.287 0.239 0.329 
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Jet Ring Full Flow 

 

Figure 39: Jet Ring Full Flow Test CDF of Combined Weights 

 

 

Table 19: Jet Ring Full Flow Test Statistical Parameters of Combined Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 1.54 0.887 -0.077 -0.077 

Closed 2.77 1.305 0.308 0.308 

Halfway 2.83 1.266 0.310 0.310 

Open 2.74 1.320 0.324 0.324 
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Jet Ring Half Flow 

 

Figure 40: Jet Ring Half Flow Test CDF of Combined Weights 

 

 

Table 20: Jet Ring Half Flow Test Statistical Parameters of Combined Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 2.01 1.148 0.172 0.172 

Closed 3.12 1.112 -0.824 -0.824 

Halfway 2.87 1.222 0.317 0.316 

Open 3.19 1.036 -0.798 -0.798 
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Pressure Washer 

 

Figure 41: Pressure Washer Test CDF of Combined Weights 

 

 

Table 21: Pressure Washer Test Statistical Parameters of Combined Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 2.64 1.381 0.474 0.473 

Closed 3.02 1.184 0.074 0.074 

Halfway 3.10 1.095 0.004 0.004 

Open 2.86 1.257 0.269 0.269 
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Shroud Extension 

 

Figure 42: Shroud Extension Test CDF of Combined Weights 

 

 

Table 22: Shroud Extension Test Statistical Parameters of Combined Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 1.38 0.912 -0.125 -0.125 

Extension 3.11 1.094 -0.192 -0.192 
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Appendix B.2 Averaging Method of Statistical Analysis 

No Shroud Test 

 

Figure 43: No Shroud Test CDF of Averaged Sediment Weights 

Table 23: No Shroud Statistical Parameters of Averaged Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 1.678 1.009 0.0037 0.004 

Closed 2.121 1.422 0.1981 0.198 

Halfway 2.165 0.8656 0.0539 0.054 

Open 2.300 0.886 0.0497 0.050 

 

Table 24: No Shroud Test Difference of Analysis Method in Mean Grain Size 

 𝜑 mm 

Control  0.676 0.117 

Closed 0.073 0.012 

Halfway 0.034 0.005 

Open 0.032 0.005 
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Table 25: Percent Reduction (%) in d50 No Shroud Test (Weaver et. al., 2018) 

 

Shroud Test 

 

Figure 44: Shroud Test CDF of Averaged Sediment Weights 

Table 26: Shroud Test Statistical Parameters of Averaged Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 2.596 1.350 0.352 0.352 

Closed 2.635 1.496 0.143 0.143 

Halfway 2.733 1.366 0.213 0.213 

Open 2.815 1.348 -0.015 -0.015 
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Table 27: Shroud Test Difference of Analysis Method in Mean Grain Size 

 𝜑 mm 

Control  0.862 0.135 

Closed 0.894 0.138 

Halfway 0.363 0.043 

Open 0.008 0.001 

 

Table 28: Percent Reduction (%) in d50 Shroud Test (Weaver et al., 2018) 

 

Passive Jet Test 

 

Figure 45: Passive Jet Test CDF of Averaged Weights 
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Table 29: Passive Jet Test Statistical Parameters of Averaged Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 2.632 1.536 .0784 .0780 

Closed 2.807 1.238 .3094 .3090 

Halfway 2.792 1.254 .3408 .3410 

Open 2.774 1.284 .3254 .3250 

 

Table 30: Passive Jet Test Difference of Analysis Method in Mean Grain Size 

 𝜑 mm 

Control  0.965 0.154 

Closed 0.036 0.004 

Halfway 0.019 0.002 

Open 0.007 0.001 

 

Table 31: Percent Reduction (%) in d50 Passive Jet (Weaver et al., 2018) 
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Jet Ring Full Flow Test 

 

Figure 46: Jet Ring Full Flow Test CDF of Averaged Weights 

Table 32: Jet Ring Full Flow Test Statistical Parameters of Averaged Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 1.8430 1.0710 0.1004 .1000 

Closed 2.7920 1.3090 .2995 .2990 

Halfway 2.8700 1.2740 .2455 .2450 

Open 2.7810 1.3080 .3095 .3100 

 

Table 33: Jet Ring Full Flow Test Difference of Analysis Method in Mean Grain Size 

 𝜑 mm 

Control  0.303 0.065 

Closed 0.023 0.002 

Halfway 0.04 0.004 

Open 0.043 0.004 
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Table 34: Percent Reduction (%) in d50 Jet Ring Full Flow (Weaver et al., 2018) 

 

Jet Ring Half Flow Test 

 

Figure 47: Jet Ring Half Flow Test CDF of Averaged Weights 

Table 35: Jet Ring Half Flow Test Statistical Parameters of Averaged Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 2.664 1.427 .4232 .423 

Closed 3.167 1.064 -.8193 -.819 

Halfway 2.872 1.224 .3192 .319 

Open 3.175 1.041 -.6632 -.663 
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Table 36: Jet Ring Half Flow Test Difference of Analysis Method in Mean Grain Size 

 𝜑 mm 

Control  0.659 0.091 

Closed 0.049 0.004 

Halfway 0.001 0.000 

Open 0.013 0.001 

 

Table 37: Percent Reduction (%) in d50 Jet Ring Half Flow (Weaver et al., 2018) 

 

Pressure Washer Test 

 

Figure 48: Pressure Washer Test CDF of Averaged Weights 
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Table 38: Pressure Washer Test Statistical Parameters of Averaged Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 2.78 1.379 .2666 .267 

Closed 2.871 1.213 .3172 .3170 

Halfway 3.16 1.06 -.7955 -.7950 

Open 2.907 1.234 .2489 .2490 

 

Table 39: Pressure Washer Test Difference of Analysis Method in Mean Grain Size 

 𝜑 mm 

Control  0.138 0.015 

Closed 0.144 0.013 

Halfway 0.058 0.005 

Open 0.046 0.004 

 

Table 40: Percent Reduction (%) in d50 Pressure Washer Test (Weaver et al., 2018) 
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Shroud Extension Test 

 

Figure 49: Shroud Extension Test CDF of Averaged Weights 

 

Table 41: Shroud Extension Test Statistical Parameters of Averaged Weights 

 𝑀𝜑 𝜎𝜑 𝛼𝜑 𝛽𝜑 

Control 1.48 .933 -.0908 -.0910 

Extension 3.015 1.1860 -.3805 -0.38 

 

Table 42: Shroud Extension Test Difference of Analysis Method in Mean Grain Size 

 𝜑 mm 

Control  0.098 0.025 

Extension 0.095 0.008 
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Table 43: Percent Reduction (%) in d50 Shroud Extension (Weaver et al., 2018) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



74 
 

Appendix B.3 Alternative Statistics 
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Appendix B.4 Percent Change from Control in Percent Coarse and 
Percent Fine Material 

 

Figure 58: No Shroud Percent Change in Solids 

 

 

 

Figure 59: Shroud Percent Change in Solids 
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Figure 60: Jet Full Percent Change in Solids 

 

 

 

Figure 61: Jet Half Percent Change in Solids 
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Figure 62: Passive Jet Percent Change in Solids 

 

 

 

Figure 63: Extension Percent Change in Solids 
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Appendix B.5 Nutrient Concentration Reductions 

 

Figure 64: Reduction in Ammonium Concentrations 

  

 

 

Figure 65: Reduction in Nitrate + Nitrite Concentrations 
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Figure 66: Reduction in Dissolved Organic Nitrogen (DON) Concentrations 

 

 

 

Figure 67: Reduction in Total Dissolved Nitrogen (TDN) Concentrations 



87 
 

 

Figure 68: Reduction in Phosphate Concentrations 

 

Figure 69: Reduction in Dissolved Organic Phosphate (DOP) Concentrations 
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Figure 70: Reduction in Total Dissolved Phosphate (TDP) Concentrations 

 

 

 

Figure 71: Reduction in Silica Concentrations 

 

 


