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SUMMARY

In response to concern over the potential impact of dredged mate-
rial that may be suspended and dispersed during dredging and disposal
operations and the aesthetically displeasing appearance of near-surface
turbidity plumes, one task within the Dredged Material Research Program
was established to develop the capability for predicting the nature, ]
degree, and extent of suspended dredged material in the vicinity of
dredging and open-water pipeline disposal operations. Furthermore, the
program set out to evaluate methods for controlling the dispersion of

dredged material when necessary. This report synthesizes the laboratory

and field results of eight separate, but related, contract research
studies performed within this task and summarizes the available litera-
ture concerned with turbidity generation by different types of dredging
operations.

Water~column turbidity generated by dredging operations involving
fine-grained material is usually restricted to the vicinity of the
operation and decreases rapidly with increasing distance from the

operation. Maximum concentrations of suspended solids within 500 m of a

clamshell operation will probably be less than 500 mg/%, with average
concentrations of approximately 100 mg/%. Elevated levels of suspended
solids around cutterhead dredges are restricted to the immediate vicin-
ity of the cutter, where concentrations may be as high as a few tens of
grams per litre within 3 m of the cutter. Near-bottom levels of a few
hundred milligrams per litre may be found within a few hundred metres of
the cutter, Hopper dredges without overflow may generate near-bottom
suspended solids concentrations of a few grams per litre near the drag-
head(s). During overflow operations, turbidity plumes with average
concentrations of several hundred milligrams per litre may extend behind
the dredge for distances up to 1200 m. Turbidity levels around dredging
operations can be reduced when necessary, but not without appreciable
cost, by improving existing cutterhead dredging equipment rational
techniques, using watertight buckets and eliminating hopper dredge

overflow, or using a submerged overflow system. Unconventional dredging
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systems such as the Mud Cat, Waterless dredge, Delta dredge, pneumatic
pumping systems, or the Clean Up system may provide some advantage on
certain types of environmentally sensitive dredging operations.

During open-water disposal of fine-grained dredged material slurry
generated by pipeline dredge operations, an estimated 97 to 99 percent
of the slurry descends rapidly to the bottom of the disposal area.
Where bottom slopes are greater than 0.75 deg (1:76), the resulting
fluid mud will in most cases flow downslope as long as that slope is
maintained. On nonsloping bottoms, the fluid mud will accumulate in the
form of a fluid mud mound with average slopes of 1:500. Suspended
solids concentrations within the fluid mud layer increase with depth
from 10 g/t at the water column/fluid mud interface to levels of 300 to
500 g/t at the bottom of the layer. One to three percent of the dis-
charged slurry will not descend rapidly to the bottom, but will remain
suspended in the water column in the form of a turbidity plume. Average
plume concentrations of several hundred milligrams per litre decrease
rapidly with distance downstream from the discharge point and laterally
away from the plume center line due to settling and horizontal disper-
sion,

The dispersion of dredged material at open-water pipeline disposal
operations can be controlled best by using different discharge con-
figurations. The simple open-ended pipeline, discharging above and
parallel to the water surface, will maximize the dispersion of the
slurry throughout the water column and produce a relatively thin, but
widespread, fluid mud layer. In water depths in excess of 2 m, the
dispersion of the material in the water column can be decreased by
vertically discharging the slurry through a 90-deg elbow at a depth of
0.5 to 1 m below the water surface. Most water-column turbidity can be
eliminated by using a submerged diffuser system at the end of the
pipeline. This latter discharge configuration also maximizes the mound-
ing tendency of the fluid mud dredged material, thereby minimizing its
areal coverage over the disposal area.

The dispersion of near-surface turbidity can be controlled, to a

certain extent, by placing a silt curtain downstream or around certain
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types of dredging/disposal operations. Under quiescent current con-
ditions (less than 5 cm/sec) turbidity levels in the water column
outside the curtain may be reduced by as much as 80 to 90 percent;
however, the effectiveness of silt curtains decreases with increasing
current velocity. Silt curtains are not recommended where currents
exceed 50 cm/sec (1 knot).

Since dredging/disposal projects should be evaluated on a case-by-
case basis, it is imperative to concurrently consider all components of
the operation, including excavation, transportation, and disposal of the
material as a total integrated system. The best dredging system may not
be compatible with the best disposal system. In addition, the impact of
each component of the system must be objectively evaluated with respect

to the cost and overall benefits of the operation.




PREFACE

This report synthesizes the results of eight research studies
within Task 6C, entitled "Turbidity Prediction and Control," of the
Disposal Operations Project (DOP), Dredged Material Research Program
(DMRP). Planning and management of Task 6C as well as the preparation
of this report were performed by Dr. William D. Barnard under the
general supervision of Mr. Charles C. Calhoun, Jr., manager of the DOP;
Dr. Roger T. Saucier, Special Assistant for Dredged Material Research;
and Dr. John Harrison, Chief, Environmental Laboratory. The Task 6C
research synthesized in this report was performed by private engineering
firms and universities under contract to the U. S. Army Engineer Water-
ways Experiment Station (WES), Vicksburg, Mississippi.

Commander and Director of WES during the preparation of this report

was COL John L. Cannon, CE. Technical Director was Mr. F. R. Brown.
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PART 1: INTRODUCTION

Background

1. One of the major concerns about dredging and open-water disposal
operations involves the possible environmental impact associated with
the resuspension and subsequent dispersion of fine-grained dredged
material. This concern is particularly significant considering the fact
that the vast majority of the potentially toxic chemical contaminants
present in bottom sediments is assoclated with the fine-grained fraction
that is most susceptible to dispersion.l However, evaluating the fate
of resuspended dredged material is not a simple task, especially when
dealing with fine-grained (silt and clay) slurries generated by mainte-
nance dredging operations. In addition, regardless of the degree of
dredged material dispersion, under certain environmentally and/or
aesthetically sensitive circumstances, control of this dispersion may

be advisable.

Task 6C Research

2. Task 6C of the DMRP,2 entitled "Turbidity Prediction and
Control," was established to develop the capability for predicting the
nature, degree, and extent of suspended dredged material in the
vicinity of open-water pipeline disposal operations. In addition,
several studies evaluated physical and chemical methods for controlling
the dispersion of dredged material slurry in the vicinity of both
dredging and disposal operations. The biological and chemical impacts
were evaluated under related DMRP Tasks 1A (Aquatic Disposal Field

Investigations),3 1C (Effects of Dredging and Disposal on Water Quality).q

1D (Effects of Dredging and Disposal on Aquatic Organisms).5 and 1E
(Pollution Status of Dredged Material).6 Hopper dredge and barge dis-
posal of dredged material were evaluated under Task 1B (Movements of

Dredged Material).7

13
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3. The eight studies comprising Task 6C are listed in Table 1, In

addition to synthesizing the results of these research efforts, this
report also summarizes the available literature related to turbidity
generation by different types of dredging operations and describes some
of the dredging equipment that has been developed to minimize the
dispersion of dredged sediment. The nonavailability of much of this

specialized equipment in the United States and the scope of this project
did not permit testing or comparison of the capabilities or turbidity
reduction potential of any of this equipment.

4. This study addressed the major problems associated with dredged
material dispersion. Because of the high degree of variability asso-
ciated with different environmental and operational parameters, many
phenomena associated with dredged material dispersion can only be des-
cribed qualitatively at this time, based on an integration and interpre-
tation of both laboratory and field observations. Quantitative, em-
mpirical predictions are given whenever possible based on "worst" case
situations; however, these estimates may be revised in the future as
more data are collected and understanding of the controlling processes

increases.

Types of Dredged Material Suspensions

5. Field and laboratory studies concerned with the dispersion of
dredged material indicate that sediment resuspended during dredging or
open~water disposal either remains suspended in the upper water column
at relatively low concentrations or forms high concentration suspensions
that cover the bottom. The material suspended in the water column is
often referred to as turbidity; the dense near-bottom suspensions are
commonly called fluid mud or fluff. Because these terms are often
misused and confusing, they will be defined and discussed in greater
detail in the following paragraphs.

6. Dredged material suspensions are quantitatively classified
and/or described by their concentration of suspended solids expressed in

milligrams or grams per litre (mg/¢ or g/¢), percent solids (by weight),

14
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Task 6C Research Studies

Research Study

Contractor

Objective

Turbidity Research

Laboratory Study Related to
Predicting the Turbidity-
Generation Potential of
Sediments to be Dredged

Field Investigation of the Na-
ture, Degree, and Extent of
Turbidity Generated by Open-
Water Pipeline Disposal
Operations

Fluid Mud Research

Field Study of Fluid Mud
Dredged Material: Its
Physical Nature and
Dispersion

Laboratory Investigation of
the Dynamics of Mudflows
Generated by Open-Water
Pipeline Disposal
Operations

Investigation of Techniques
for Reducing Turbidity
Associated with Present
Dredging Prccedures and
Operations

Analysis of the Functional
Capabilities and Perfor-
mance of Silt Curtains

Evaluation of the Submerged
Discharge of Dredged
Material Slurry During
Pipeline Dredge Operations

Assessment of Chemical
Flocculants and Friction-
Reducing Agents for Appli-
cation in Dredging and
Dredged Material Disposal

Walden Research Division
of ABCOR, 'nc.

Wilmington, Mass.

(Mr. Barry A. Wechsler

and Dr., David R. Cogley)

State University of N. Y.
at Stony Brook

Stony Brook, N. Y.

(Drs. J. R. Schubel and
H. H. Carter)

Virginia Institute of
Marine Science

Gloucester Pt., Va.

(Drs. Maynard M. Nichols
and Richard W. Faas)

JBF Scientific Corp.
Wilmington, Mass.
(Mr. George Henry)

Prediction of Dredged Material Dispersion

To determine the amount of turbidity that
a given sediment is likely to produce
when subjected to a dredging operation
by evaluating those sedimentary/hydro-
logic factors causing and/or controlling
turbidity.

To investigate the nature, degree, and
three-dimensional extent of plumes of

suspended solids and associated dissolvec

chemical constituents generated by open-
water pipeline disposal operations.

To determine the significance of fluid mud
in the dispersal of dredged material and
in generating turbidity at dredging and
disposal operations by measuring the na-
ture, extent, and thickness of fluid mud
layers with respect to their source,
hydrologic parameters, and behavior as a
function of time.

To improve the basic understanding of the
dynamics of fluid mud dispersion by
evaluating possible controlling factors
such as sediment composition, bottom
slope and roughness, discharge velocity,
salinity, and currents and waves.

Control of Dredged Material Dispersion

John Huston, Inc.
Corpus Christi, Tex.
(Mr. John Huston)

JBF Scientific
Corporation

Wilmington, Mass.

(Mr. Edward E. Johanson)

JBF Scientific Corpora-
tion

Wilmington, Mass.

(Mr. Robert W. Neal
and Mr. George Henry)

Mississippi State
University

Starkville, Miss.

(Dr. Donald 0. Hill)

To evaluate new and existing operational
techniques with respect to their turbid-
ity-reduction potential, cost, effect
on production, and ease of implementa-
tion.

To inventory silt curtain specifications,
evaluate deployment methods and systems,
and determine silt curtain effectiveness
as it relates to factors such as size,
shape, and design of the enclosed area;
the curtain material used; the sediment
being dredged; and limiting environmen-
tal conditions.

To evaluate the technical, operational, and

economic feasibility of using submerged
pipeline discharge of dredged material

slurry as one disposal alternative within

a designated open-water disposal area to
minimize the dispersion of the dredged
material slurry into the water column,

To perform a state-of-the-art review and
assessment of the potential utilization
of flocculants for turbidity control in
dredging and disposal operations and
friction-reducing (wetting) agents for
increasing the efficiency of the pipeline
transport of dredged material slurry.
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or bulk density. Relatively low levels of suspended solids characteris-
tic of turbidity plumes are expressed in milligrams per litre or grams
per litre indicating the weight of dry solids in a litre volume of
sample. Intermediate levels of suspended solids characteristic of
dredged material slurry and fluid muds are usually given in grams per
litre or percent solids by weight. Percent solids by weight is calcu-
lated by dividing the dry weight of solids in a sample by the total
weight of the sample (including both the solids plus water) and con-
verting the fraction to a percentage. Bottom sediments with relatively
high solids content are usually described in terms of bulk density or
the wet weight of A volume of sediment. Units of bulk density are in
grams per cubic centimetre. Appendix A shows the relationship between
the three methods of expressing solids content.

7. In contrast to the above system, dredgers usually describe a
slurry in terms of percent solids by volume where the volume of in situ
sediment (including both the solids plus water) excavated during an
operation is divided by the volume of slurry pumped; this fraction is
then converted to a percentage. In some instances, percent solids is
based on apparent volume where the volume of settled solids in a con-
tainer is divided by the total volume of the settled solids plus the
water in the container. In most cases this latter percentage provides
an erroneous indication of the solids content, as described by dredgers,
since the bulk density of the settled sediment will normally be less
than its in situ bulk density before dredging.

Water-column turbidity

8. Turbidity is commonly used to describe the cloudy or muddy
appearance of water. In the strictest sense, turbidity describes an
optical property of a particular liquid medium, in this case water, that
causes light to be scattered and absorbed rather than transmitted
through the water. Scattering and absorption are caused by the dis-
solved and suspended organic and inorganic substances in the water. The
amount of scattering and absorption is controlled by the concentration
of suspended particles as well as their shape, size distribution, re-

fractive index, color, and absorption spectra.
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9. In addition to the varied definitions of turbidity, there are
also many techniques and instruments (turbidimeters) that have been
and are used to evaluate or "quantify" turbidity.9 Turbidity measure-
ments were originally made in the early 1900's with the Jackson candle
turbidimeter, calibrated in Jackson Turbidity Units (JTU's) or Jackson
Candle Units (JCU's), to approximate the concentration of suspended
solids in terms of parts per million (ppm) of a suspension of Fuller's
or diatomaceous earth. Turbidimeters were later calibrated with
Formazin, a solution of hydrazine sulfate and hexamethylenetetramine,
in terms of Formazin Turbidity Units (FTU's). The Jackson candle meter
has been replaced by a myriad of turbidimeters that usually measure
turbidity in terms of light transmission (transmissometers) or scatter-
ing (nephelometers) where the amount of light that is transmitted
through or scattered by a particular sample is measured relative to the
initial intensity of a light beam. Nephelomet>rs are often calibrated
using a scale of Nephelometric Turbidity Units (NTU's). Unfortunately,
suspensions of different types of material with the same turbidity
reading (in FTU's, NTU's, or JTU's) may have similar optical properties,
but do not necessarily contain the same concentration of suspended
solids. Furthermore, different types of turbidimeters, although cali-
brated with the same standard suspension, may indicate ditferent tur-
bidity levels for the same sample.

10. The turbidity levels of water samples collected around dredg-
ing and disposal operations for all of the 6C research studies were
quantitatively evaluated with turbidimeters or by measuring the concen-
tration of suspended material in water samples. By simultaneously
measuring both the turbidity and concentration of total suspended solids
over a range of values, a correlation curve was developed showing the
relationship (which may not necessarily be linear) between turbidity
(expressed in NTU's, FTU's, JTU's, or percent transmission) and total
suspended solids. Using an empirical correlation curve for each field
site, all the turbidity readings were converted to levels of total sus-
pended solids. These levels were then used to compare suspended solids

concentrations at different locations. All turbidity levels in this
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report are therefore expressed in terms of wmilligrams or grams per litre,

11. The turbidity plumes penerated by dredping and disposal opera-
tions are usually caused by low concentrations of silt and clay-size
particles (with diameters of less than 0,03 mm)* or small flocs (i.e.,
masses of agglomerated particles) that settle independently at very slow
rates through the water column. Although solids concentrations in the
upper water column {n the vicinity of dredging and disposal operations
usually do not exceed several hundred milligrams per litre, the
particles/flocs continue to settle independently until the solids con-

1 2 ; ;
centration near the bottom exceeds approximately 10 g/¢. 3sd Therefore, ;
in this discussion, the term turbidity will be used to describe suspen- 3

sions in the water column where the solids concentration ranges from 0

to 10 g/t (Table 2). Factors controlling the settling rates of these
Table 2

OREDGED MATERIAL SUSPENSIONS

QUALITATIVE SOLIDS BULK
DESCRIPTOR PROCESSES CONCENTRATION (g ) DENSITY (g cc)*
AVERAGE (RANGE) AVERAGE (RANGE)
CENTER
g 1.000
TURBIDITY SEDIMENTATION INDEPENDENT
SETTLING
Wee (-0 1006 (1.003-1.012)
Low HINDERED OR
DENSITY ZONE SETTLING
FLUID MUD 00 (175229 1128 (L108-1.140)
HIGN r
DENSITY
“TYPICAL" BOTTOM  SELF-WEIGNT 00 g ¢ (300-500) 1.2689 (1.187-1311) 2
SEDIMENT CONSOLIDATION

}

* ASSUME SOLIDS - 265 g cc
AND WATER - 100 g cc

* For convenience, factors for converting the metric (S1) to U, S,
customary units of measurement ave given on page 12.
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particles, which in turn directly affect the characteristics of tur-
bidity plumes, are discussed in Part 111,
Fluid mud dredged material

12. Naturally occuring fine-grained sediment that accumulates in
rivers, estuaries, and dredged chaunnels as well as dredge-induced near-
bottom suspensions of dredged material slurry often form layers of fluid
mud overlying more dense bottom sediment.l3 Since there is no univer-
sally accepted definition of fluid mud, in this report fluid mud has
been classified as low- or high-density fluid mud, based on its solids
concentration. The solids concentration marking the transition zones
between turbid water, low- and high-density fluid mud, and "“typical"
bottom sediment varies depending on the texture and composition of the
dredged material suspension., Table 2 gives typical average values and
ranges associated with each transition zone.

13. Low-density fluid mud. The concentration of suspended solids

in a turbidity plume generally increases exponentially with depth. At
the relatively well-defined interface between turbid water and the
surface of the fluid mud layer, the solids concentration increases very
rapidly to levels of several tens of grams per litre. This turbid
water/fluid mud interface is approximated by a concentration of 10 g/®,
although the exact concentration may vary from 5 to 20 g/%. Low-
density fluid mud is characterized by randomly oriented particles or
flocs that settle at "hindered" rates; the fluid mud layer settles as a
mass as the interstitial water (between the particles) migrates upwards
toward the surface of the mud layer. This sedimentation process is
called "hindered" or '"zone" settling.11 Low-density fluid mud may be
stationary or may freely flow outward, away from the discharge point of
an open-water pipeline disposal operation, like syrup poured on a
platter, or downslope as a mudflow. At solids concentrations of 175 to
225 g/t the hindered settling process apparently ends and self-weight
consolidation begins.ll’lz'la Therefore, an approximate solids concen-
tration of 200 g/t generally indicates the transition zone between low-

and high-density fluid mud.

19
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14, High-density tluid mud. When the solids concentration within
the fluid mud laver exceeds 200 g/, the depree oi particle contact ]
increases. Because of the high solids concentration and this high

degree of particle interaction, high-density fluid mud possesses a

certain degree of rigidity and will not normally flow treely as low-

density fluid wmud muy.l: During this process, the interstitial water

is squeezed out under the weight of the overlying material, the bulk

density of the material increases, and the randomly oriented particle

» 1
structure and/or tlocs probably begin to break dnwn.l Although this

high-density fluid mud does not tlow freely, it may be subject to

sudden tailure or creeping.

Factors Controlling Dredged Material Dispersion

15. The nature, degree, and extent of dredged material dispersion
around a dredging or disposal operation are controlled by many tactors,
including: the characteristics of the dredged material, such as its
size distribution, solids concentration, and composition; the nature ot
the dredging or disposal operation, such as dredge tvpe and size,
discharge/cutter contiguration, discharge rate, solids concentration ot
the slurry, and the operational procedures being used; and the charac-
teristics of the hydrologic rvegime in the vicinity of the operation,
including salinity and hydrodynamic torces (i.e., waves, currents, etc.).
The relative importance of the ditferent factors may vary significantly
from site to site. These factors are discussed in more detail in sub-
sequent chapters of this report dealing with the dispersion ot dredged
material at dredging and open-water pipeline disposal operations (in

that order).




B 51 p e e~ e S S

[ ES R —

[
|

e —

N e, iy oo SN i

PART 11: PREDICTION AND CONTROL OF TURBIDITY: DREDGING OPERATIONS

l6. Under a given set of envirommental conditions, different types
of dredges will generate difterent levels of turbidity. While the
dredging equipment certainly has a large effect on the amount and con-
centration of sediment that is resuspended, the techniques tor operating
this equipment are also important. Although operator training and
performance may be one of the most important factors controlling tur-
bidity generation, it is often difficult to evaluate the various parameters
of a dredge's operation that reflect the skills of the operator. Unfor-
tunately, in most of the literature cited in this chapter, turbidity
levels were measured with little regard te the operation of the dredges
or their rates of production (i.e., cubic metres of material dredged per
hour) .

17. With this in mind, the tollowing discussion examines the
levels of turbidity generated by different tvpes of conventional dredges
as well as possible methods tor minimizing the generation of turbidity
by modifying existing equipment and operational procedures. This
discussion also includes a brief description of an improved overtlow
system for hopper dredges, watertight clamshell buckets, and several
unconventional dredges that are not widely used in the United States,

but appear to have some potential for minimizing turbidity generation,

Grab/Bucket/Clamshell Dredges

18. The grab, bucket, or clamshell dredge consists of a bucket or
clamshell operated from a crane or derrick mounted on a bargv.l5 It is
used extensively for removing relatively small volumes of material
(i.e., a few tens or hundreds of thousands of cubic metres) particularly
around docks and piers or within other restricted areas. The sediment
is removed at nearly its in situ density; however, production rates
(relative to a cutterhead dredge) are low, especially in consolidated
material. The material is usually placed in barges or scows for

transportation to the disposal area. Although the dredging depth is
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practically unlimited, the deeper the depth the lower the production
rate., In addition, the clamshell dredge usually leaves an irregular,
cratered bottom.

Sources of turbidity

19. The turbidity generated by a typical clamshell operation can

be traced to four major sources. Most of this turbidity is the result

of sediment resuspension occurring when the bucket impacts on and is
pulled off the bottom. Also, because most buckets are not covered, the
"surface" material in the bucket and the material adhering to the out-
side of the bucket are exposed to the water column as the bucket is
pulled up through the water column. When the bucket breaks the water
surface, turbid water may spill out of the bucket or may leak through
openings between the jaws. In addition to inadvertent spillage of
material during the barge loading operation, turbid water in the barges
is often intentionally overflowed (i.e., displaced by higher density
material) to increase the barge's effective load.

Field measurements

20. There is a great deal of variability in the amount of material
resuspended by clamshell dredges due to variations in bucket sizes,
operating conditions, sediment types, and hydrodynamic conditions at the
dredging site.

a. During a channel deepening project using a 16.5-cu m
bucket in San Francisco Bay, California, turbidity levels
in the water column 50 m downstream from the operation
were generally less than 200 mg/t and averaged 30 to 90
mg/ relative to background levels outside the plume of
approximately 40 mg/. Suspended solid levels decreased
with increasing distance from the dredging operation due
to dilution and settling of the suspended material. The
visible plume was about 300 m long at the surface and
approximately 450 m long at a bottom depth of 10 m.16

|o

During a '"new work" channel deepening operation on the
lower Thames River, Connecticut, maximum suspended

solids concentrations of 68, 110, and 168 mg/t at the
surface, middepth (3 m), and near bottom (10 m), respec-
tively, were noted within 100 m downstream of a 12.8-cu m
clamshell dredging and barge loading operation. These
maximum concentrations decreased very rapidly to background
levels of 5 mg/t within 300 m at the surface and 500 m
near the bottom.
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¢. Suspended solids levels 22 m downstream from a 16.5-cu m
clamshell operation performing maintenance work in the
Brewerton Cut-Off Angle, Patapsco River, Maryland, were
about 30 mg/f at near-bottom depths of 10 m relative to
background water column suspended solids concentrations of
approximately 10 mg/¢ or less. These higher near-bottom
concentrations persisted for about 90 m downstream from the
dredge, whereas visual surface traces usually persisted
for less than 460 m.!

d. According to Japanese measurements made in the vicinity of
a l-cu m clamshell operation dredging fine-grained materi-
al from a depth of 3.5 m, maximum suspended solids concen-
trations in the water column 7 m downstream from the
dredging operation ranged from 150 to 300 mg/f relative to
background levels of less than 30 mg/f.* These levels
decreased by about 50 percent at a distance of 23 m.
Generally speaking, the turbidity levels in the upper
water column were usually somewhat less than those levels
at middepth or near the bottom.

21. Based on these limited measurements, it appears that, de-
pending on current velocities, the turbidity plume downstream of a
typical clamshell operation may extend approximately 300 m at the sur-
face and 500 m near the bottom. Maximum concentrations of suspended
solids in the surface plume should be less than 500 mg/f in the imme-
diate vicinity of the operation and decrease rapidly with distance from
the operation due to settling and dilution of the material. Average
water-column concentrations should generally be less than 100 mg/Q.

The near-bottom plume will probably have a higher solids concentration,
indicating that resuspension of bottom material near the clamshell
impact point is probably the primary source of turbidity in the lower
water column. The visible near-surface plume will probably dissipate

rapidly within an hour or two after the operation ceases.

* These suspended solids concentrations are unverified estimates based
on a conversion of turbidity to milligrams per litre (Figure 3.14,
Yagi et al.19) from a different test site in Japan.
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Turbidity control using watertight buckets |

22, To minimize the turbidity generated by a typical clamshell
operation, the Port and Harbor Research Institute, Japan, developed a
watertight bucket with edges that seal when the bucket is closed

(Figure 1). 1In addition, the top of the watertight bucket is covered so

(M cover

@ cover

(@ RUBBER PACKING

(5 sHELL

Figure 1. Open and closed positions of the watertight bucket

that the dredged material is totally enclosed within the bucket. Avail-
able sizes range from 2 to 20 cu m. According to the manufacturer,
Mitsubishi Seiko Company, Ltd. (Box 48, Nippon Building, 2-6-2 Otemachi,
Chiyoda-ku, Tokyo, Japan), these buckets are best adapted for dredging
fine-grained, soft mud.

23. A direct comparison of l-cu m typical and watertight clam-
shell operations indicates that watertight buckets generate 30 to 70
percent less turbidity in the water column than the typical buckets.
This reduction is probably due primarily to the fact that leakage of
dredged material from watertight buckets is reduced by approximately
35 percent.19 Other measurements made approximately 10 m downstream
from a 4-cu m watertight clamshell dredge excavating fine-grained mate-

rial from a depth of 8 m indicated that maximum suspended solids

24




concentrations were approximately 500 mg/% or less throughout the water
column relative to background levels of 50 mg/% or less. Turbidity
levels decreased very rapidly with increasing distance from the opera-
tion and approached background levels several tens of metres downstream
from the dredge.zo Near-bottom and midwater column suspended solids

19,20 indicating that resuspen-

levels were greater than surface levels,
sion of bottom material near the clamshell impact point is probably
responsible for most of the material suspended in the lower portion of

the water column.

Cutterhead Dredges

24. The cutterhead dredge (Figure 2) is the most commonly used
dredge in the United States. With this type of dredge a rotating

Ganiny H frame
—A frame
Lever room -

Stern connection Engine house

Floating line Main pump - Hoist _ Cutter

Main engine - = b =4 }/ motor

s e S i SRR e —— e e e
Pontoon -~ Hull
Spud well Suction— - Shaft
Spud Ladder

Oredged bottom
7 AN\

WA Cutter

Ginie
t

v

Figure 2. Typical cutterhead dredge (Reprinted by
permission from Hydraulic Dredging, by
J. W. Huston, 1970. Cornell Maritime
Press, Inc.)

cutter at the end of a ladder excavates the bottom sediment and guides

it into the suction. The excavated material is picked up and pumped by

a centrifugal pump to a designated disposal area through a 15 cm (6 in.)
to 112 cm (44 in.)* pipeline as a slurry with a typical solids content

of 10 to 20 percent by weight. The nominal size of the dredge is usually

defined by the diameter of its discharge pipeline. For conventional

* Pipeline sizes are given in terms of centimetres and inches for the
convenience of the reader.
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cutterhead dredges the diameter of the cutter is approximately three

to four times the diameter of the suction pipe. The typical cutterhead
dredge is swung in an arc from side to side by alternately pulling

on port and starboard swing wires connected to anchors through pulleys
mounted on the ladder just behind the cutter. Pivoting on one of two
spuds at the stern, the dredge 'steps" or "sets" forward (Figure 3).
Although the cost of mobilizing a cutterhead dredge is relatively high,
its operation is nearly continuous and production rates (i.e., cubic

metres of material dredged per hour) are generally high.15’21

FRONT

HAULING
GEAR
e DREDGE
{70
%
o I ADVANCE
i8
we LD (oown)
A

Figure 3. Typical (stabbing) method for operating a cutterhead dredge
(Adapted from Reference 27. Used courtesy of Symcon Marine
Corp. and WODCON Assn.)
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Sources of turbidity |
25. Most of the turbidity generated by a cutterhead dredging ?
operation (exclusive of disposal) is usually found in the vicinity of

22 The levels of turbidity are directly related to the

the cutter.
type and quantity of material cut, but not picked up by the suction. The
amount of material supplied to the suction is controlled primarily by

the rate of cutter rotation, the vertical thickness of the dredge cut,
and the swing rate of the dredge (i.e., the horizontal velocity of the
cutter moving across the cut). The ability of the dredge's suction to
pick up this bottom material determines the amount of cut material

that remains on the bottom or suspended in the water column. In addi-
tion to the dredging equipment used and its mode of operation, turbidity
may also be caused by sloughing of material from the sides of vertical
cuts, inefficient operational techniques, and the prop wash from the
tenders (tugboats) used to move pipeline, anchors, etc., in the shallow
water areas outside the channel. These factors will be discussed in
more detail in the following paragraphs.

Field measurements

26. Although a properly designed cutter will efficiently cut and
guide the bottom material toward the suction, the cutting action and
turbulence associated with the rotation of the cutter will resuspend a
portion of the bottom material being dredged. Excessive cutter rotation
rates tend to propel the excavated material away from the suction pipe

inlet.

a. Turbidity levels around a 6l-cm (24-in.) cutterhead dredge
excavating fine-grained maintenance material from Mobile
Bay ship channel were elevated above background levels of
25 to 30 mg/% only within 1.5 m of the bottom. Near-
bottom levels of up to 125 mg/% occurred approximately
300 m in front of the cutterhead; a yalue of 336 ng/ L
was recorded 30 m behind the cutter.

* Personal Communication, 7 October 1977, Maynard M. Nichols, Associate
Professor, Virginia Institute of Marine Science, Gloucester Point, Va.

27
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Near-bottom suspended solids levels within 2 m of the
cutter of a 69-cm (27-in.) cutterhead dredge widening a
portion of the Corpus Christi ship channel (i.e., new
work) ranged from background concentrations to 580 mg/®
relative to "backgreund" levels of 39 to 209 mg/®
measured 73 m to thie side of the dredge. 2

¢. Levels of suspended solids under low current conditions
(i.e., less than 5 cm/sec) near the cutter of a 6l-cm
(24-in.) cutterhead dredge excavating fine-grained (new
work) material from depths of 6 to 12 m in Yokkaichi
Harbor ranged from 2 mg/¢ to 31 g/¢, 1 mg/¢ to 16 g/¢,

and 1 mg/¢ to 4 g/¢ at distances of 1, 2, and 3 m above
the cutter, respectively, relative to background levels of
1 to 18 mg/f. Average turbidity levels appeared to de-
crease exponentially from the cutter to the water surface.
In addition, 60 m in front of the cutter turbidity levels
in the near-surface water ranged from 1 to 17 mg/Q, 23
whereas near-bottom levels ranged from 5 to 205 mg/Q.”

27. Based on these limited field data collected under low current
conditions, elevated levels of suspended material appear to be localized
to the immediate vicinity of the cutter as the dredge swings back and
forth across the dredging site. Within 3 m of the cutter suspended
solids concentrations are highly variable, but may be as high as a few
tens of grams per litre; these concentrations decrease exponentially
from the cutter to the water surface. Near-bottom suspended solids
concentrations may be elevated to levels of a few hundred milligrams per
litre at distances of a few hundred metres from the cutter. This led
Yagi et al.23 to conclude that "in the case of steady dredging of a thin
sedimented mud layer, the effect of dredging on turbidity was found to
be almost imperceptible at locations several tens of metres distance
from the cutter."

Turbidity generation vs. operational conditions

28. As previously indicated, the levels of turbidity found near
the cutter depend primarily on the type and amount of material that is
excavated, but not drawn into the dredge's suction. This "residual"
material may remain in suspension or may settle into the existing cut
where it again becomes susceptible to resuspension by ambient currents
and turbulence generated during subsequent cuts. Analysis of the data

collected in Yokkaichi Harbor indicates that as the amount of this

28
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residual material increases, the turbidity levels around the cutter
apparently increase exponent:ially.23 According to calculations made by
Yagi et al.,23 the amount of residual material increases as the swing
rate increases. Further examination of these data (by this author) also
indicates that in most cases the amount of residual material generally
increases as the thickness of the cut increases. Consequently, as the
thickness of the cut and swing rate increases, the turbidity levels
generated by the operation increase exponentially. There is also a
similar relationship between turbidity generation and the rate of cutter
rotation.22

29. The levels of turbidity in the vicinity of the cutter are
apparently not only dependent on the operation of the dredge during a
particular cut, but are also related to the amount of material remaining
in suspension from the previous cut(s). In fact, during the first four
swings of the dredging operation monitored by Yagi et al.,23 the levels
of turbidity around the cutter increased with each successive cut. This
trend of increasing levels of suspended solids around the cutter pro-
bably continues until a quasi-steady state condition is reached when the
amount of material resuspended by the cutter is equal to the amount of
material that settles to the bottom.

30. Because the production rate of a dredge is so closely linked
with its operation (i.e., thickness of the cut, swing rate, cutter rota-
tion rate, etc.), the levels of turbidity around the cutter may be
directly related to the dredge's production rate. This relationship is
supported by data (from Yagi et al.23) plotted for fine-grained material
in Figure 4 showing the levels of suspended solids 1 m from the cutter of
a 6l-cm (24-in.) cutterhead dredge vs. the production of the dredge
(relative to its apparent maximum production rate) during the fourth cut
on 26 test runs. Although the scatter in the data is great, there is a
general trend showing increasing turbidity levels 1 m from the cutter
with increasing rates of relative production. However, there is
apparently no well-defined upper limit to the amount of turbidity
that the cutter can generate. Yet, the data within the shaded region

29
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Figure 4. Relationship between the concentration of suspended solids
1 m from the cutter and the relative production of a 6l-cm
(24-in.) cutterhead dredge
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(Figure 4) indicate that it is possible to increase the rate of a
dredge's production up to its maximum rate (dotted line, Figure 4)
without generating excessive levels of turbidity. Using high swing
rates, large cuts, or high cutter rotation rates not only resuspends
large amounts of dredged material, but also may lead to high levels of
solids in the slurry, which may plug the pipeline.

31. To summarize, the turbidity generated around the cutter of a
cutterhead dredge apparently increases exponentially as the thickness of
the cut, rate of swing, and cutter rotation rate increase. Although
suspended solids levels around the cutter also increase with
increasing rates of production, it is possible to maximize the produc-
tion rate of the dredge without resuspending excessive amounts of
bottom sediment. These general relationships should be characteristic
of all cutterhead dredging operations; however, the levels of turbidity
generated will, of course, depend on the size and characteristics of
the dredge, the sediment type, and the environmental and operational
conditions.

Turbidity control

32, Cutter design. The design of a cutter depends primarily on
the characteristics of the dredge on which it is used, the effective
dredging depth, and the type of material being excavated. Among the
various factors that must be considered when selecting a cutter are the
number of cutter blades, the twist or curl of the blades, and the shape
of the cutter relative to the length of the ladder and the depth of the
project. For example, a cutter designed to dig at 10 m will not be as
effective at 20 m, if used on the same ladder. Using an improperly
designed cutter often requires thicker cuts to provide the suction with
an adequate supply of material, thereby generating excessive levels of
turbidity. Therefore, the cutter should be selected based on the re-
quirements of a particular project.22

33, In an effort to maximize the efticiency of the cutter, several
United States and foreign dredge manufacturers are developing and refining
new cutter designs. In particular, the Canadian Government has de-

veloped a conical cutter, which apparently has a lower rim speed relative
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to the typical basket cutter and may reduce the levels of cutter gene-
rated turbidity. Additional analyses of turbidity generation as a func-
tion of dredge production are now being performed.*

34. Cutter removal. In some cases where the material will flow

naturally (i.e., noncohesive materials), the efficiency of the dredging
operation can be increased by removing the cutter altogether. Since the
suction can then be placed closer to the loose material, the suction's
pickup capability increases and the dredge's production rate should
improve; the amount of turbidity generated would also be reduced because
there is no rotating cutt:er.22

35. Suction. The dredge's suction (Figure 2), which picks up the
material that has been cut, can be partially responsible for turbidity
generation around the cutter if the energy (i.e., head) provided to the
suction by the dredge pump is not great enough to pick up all of the
material disturbed by the cutter. In this situation, water-jet booster
systems or ladder-mounted submerged pumps can be installed on cutterhead
(or hopper) dredges at a considerable cost to increase the energy
available for carrying the material and maintaining an adequate slurry
velocity in the suction. This will enhance the dredge's pickup capa-
bility, increase the slurry density and potential production rate, and
should decrease the generation of turbidity.23’24

36. Cutter-suction combination. On a typical cutterhead dredge,

the cutter is turned by the cutter shaft; the suction pipe is mounted
below the shaft. With this arrangement, the cutter must have a diameter
that is approximately three to four times the diameter of the suction
pipe. However, a new dredge may be designed so that tha cutter is
attached directly to the suction pipe and turned by the rotation of the
suction pipe instead of the cutter shaft. According to Huston and
Huston,22 this system has several advantages. The size of the cutter
can be reduced to about twice the diameter of the suction. This not

only will increase the amount of force on the cutter blades without any

*Personal Communication, 18 May 1978, C. G. Benckhuysen, Chief, Marine
Equipment, Marine Directorate, Public Works, Canada, Ottawa, Ontario,
Canada.
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increase in the horsepower of the cutter motor, but also will reduce the
distance between the suction mouth and the material being dredged. In
addition, the shape of the suction will more closely approximate the
ideal bell-shaped mouth, thereby reducing the amount of energy lost as
the material enters the suction mouth. Finally, the cutter will more
effectively feed material into the suction from the top, sides, and
bottom rather than just from the bottom. Although all of these tactors
tend to enhance the pickup efticiency of the dredge and thereby reduce
the amount of material subject to resuspension during an operation, the
cutter-suction combination is rarely incorporated into new dredge designs.

37. Dredge production and efficiency. The profitability of a

dredging operation depends largely on the production rate ot the dredge
itself; high production rates mean higher profits. However, where tur-
bidity generation may be a potential problem, those operational param-
eters (e.g., cutter rotation rate, swing rate, and thickness ot cut)
affecting the generation of turbidity must be controlled relative to the
dredge's production. Unfortunately, it is difficult to instantaneously
measure a dredge's rate of production. Normally, the dredge operator ot
leverman can get some indication of production rate from the dredpe's
vacuum and pressure gauges. But these readings do not indicate slurry
density or velocity, both of which are needed to determine the productis

Y €

rate of the dredge. By installing a production metering svstcm.""h
production rate can be closely monitored relative to the dredge's opera-
tion. In addition, the manutacturers claim that these metering svstems
can improve production rates by 10 to 30 percent depeading on the skill
and experience of the leverman.

38. The method of swinging the dredge can also attect the dredge's

production rate. Using a simple " tabbiug"” method (Figure 3), the
dredge swings to the right with the starborad spud down and the port
spud raised off the bottom. At the end of the cut, the port spud is
lowered, the starborad spud raised, and the dredge swings to the lett.
In this manner the dredge swings from side to side and advances down the
channel cutting a zigzag pattern of arcs leaving some areas undredged

(i.e., windrows, Figure 3), and covering other arecas twice at the end of
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the swing. This method of advancing the dredge can be modified and the
production rate increased substantially by using a spud carriage system
(Figure 5)27 or Wagger system (Figure 6),28 which allow the dredge to
advance to the end of each cut, thereby sweeping the cutter in a pattern
of concentric arcs over the dredging site. With the spud carriage
system the working spud is not permanently fixed to the dredge, but is
mounted on a hydraulically powered carriage that moves along a slot at
the stern of the dredge. The dredge advances as the working spud moves
from position A to D (Figure 5); the walking spud at the stern is then
dropped and the working spud is raised and repositioned at A. The
Wagger system (Figure 6), developed by Daleeter Corporation, Lansing,
Mich.,* consists of two pontoons linked by a steel truss and anchored by
three spuds. A second truss that is connected to the stern of the
dredge slides back and forth on top of the truss/pontoon section. By
expanding and contracting the Wagger with hydraulic rams, the dredge
advances over the dredging area. The point of connection between the
upper truss and the dredge acts as a pivot point around which the dredge
swings. The Wagger also eliminates the need for swing wires.

39. The efficiency of an operation can also affect its profita-
bility. An inefficient operation can result in lower production rates,
longer dredging operations, as well as excessive levels of turbidity.

In addition to a well-designed dredging system, the efficiency of an
operation can be improved by using other accessory equipment that has
been developed over the last several years. Among these is the Hofer
system that maintains the slurry velocity in the suction when the
solids content becomes excessive. This prevents plugging of the pipe-
line and the costly delays that often result.22 The efficiency and
production of a dredge can alsc be enhanced by installing a gas removal
system on the suction to remove any naturally generated gas from the
dredged material slurry before it reaches the main pump.15 Swell

compensators and articulated ladders are also available for maintaining

* For more information contact Mr. Lee Smith, Lee Power Equipment, Inc.,
Remus, Mich., 49340, 517-561-2270

34




CUTTER

HAUL ING
GEAR

p#—————— DREDGE

P————WORKING SPUD (DOWN)

SPUD  CARRIAGE -

~ WALKING SPUD (UP)

Figure 5. Cutterhead dredge with a spud carriage system
(Adapted from Reference 27. Used courtesy of
Symcon Marine Corp. and WODCON Assn.)

Figure 6. Wagger system. (Patent rights owned by Lee Power
Equipment, Inc. Figure used through courtesy of
Mr. Leward N. Smith.)




cutter contact with the bottom sediment in rough water. Electronic
systems are also available for controlling the dredge's swing, cutter
speed, etc., as well as indicating swing force, cutter force, ladder

S
angle, swing angle, and dredging depth,“9’30

Automatic microwave or
laser positioning systems3l and gyro compasses can also provide assis-
tance in maintaining accurate positioning of the dredge. Although this
equipment can increase the overall efficiency of the dredging operation
and aid in reducing the amount of turbidity generated, it does not
eliminate the need for a qualified leverman to control the overall
dredging operation. Unfortunately, at this time there is no formal
course of instruction for training dredge personnel in the practical
aspects of dredging.

22
40. Operational procedures.”~ Even when the most advanced dredg-

ing equipment is used, if it is not used effectively, its potential for
increasing production and minimizing turbidity generation is greatly
reduced. Therefore, the leverman's techniques for operating a dredge
are of utmost importance:

a. Large sets and very thick cuts should be avoided, since
they tend to bury the cutter and may cause high levels of
turbidity if the suction cannot pick up all of the dis-
lodged material.

|

The leverman should swing the dredge so that the cutter
will cover as much of the bottom as possible. This mini-
mizes the formation of windrows or ridges of partially
disturbed material between the cuts (Figure 3); these
windrows will tend to slough into the cuts and may be
susceptible to resuspension by ambient currents and tur-

- bulence caused by the cutter. Windrow formation can be

eliminated by swinging the dredge in close, concentric
arcs over the dredging area. This may involve either
modifying the basic stepping methods used to advance the
dredge or using a Wagger or spud carriage system.

|10

Side slopes of channels are usually dredged by making a
vertical "box cut"; the material on the upper half of the
cut then sloughs to the specified slope. The specified
slope should be cut by making a series of smaller boxes.
This method, called "stepping' the slope, will not
eliminate all sloughing, but will help to reduce it.

| e

On some dredging projects it may be more economical to
roughly cut and remove most of the material, leaving a
relatively thin layer for final cleanup after the project
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E| has been roughed out. 'This remaining material may be
subject to resuspension by ambient currents or prop wash
from passing ship traffic.

When "layer cutting'" is used, the dredge will remove a
single layer of material over a large portion of the

! channel; the dredge is then set back to dredge another

! layer. This continues down to the required depth of the
project. Since loose material is often left on the bottom
¢ | after each layer is dredged, this technique should only be
used where resuspension of the remaining material will not
create serious problems.

e
N
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f. The prop-wash from the tenders (i.e., tugboats) used to
move anchors, sections of pipeline, barges, and the dredge
itself can resuspend a great deal of bottom material,
especially in shallow water adjacent to the channel.
Although prop-wash cannot be eliminated, oversized tenders
should not be used in shallow water areas.

&. In addition to prop-wash, significant resuspension of
bottom material often occurs when the anchors used in
support of the operation are dragged along the bottom when
the dredge is moved to a new location. Anchor dragging
should be avoided.

R e e

During the course of a typical operation, the length of

the pipeline may have to be adjusted by adding or removing
sections. Before the pipeline is broken it should be
flushed thoroughly with water, not only to prevent clogging
of the pipeline when pumping is resumed, but also to
maintain low turbidity levels around the pipeline. Ob-
vious leaks from poorly sealed ball joints between pipe-
line sections should also be repaired.

v st s e
e
=
.

Hopper Dredges

41. In those areas characterized by heavy ship traffic or rough
water, a self-propelled hopper dredge will probably be used. During a
hopper dredge operation, as the dredge moves forward, the bottom sedi-
ment is hydraulically lifted from the channel bottom through a draghead,

up the dragarm (i.e., trailing suction pipe), and temporarily stored in

hopper bins in the ship's hull. Most modern hopper dredges have one or
two dragarms mounted on the side of the dredge and have storage capaci-
ties ranging from several hundred to over 9000 cu m. The hoppers are
either emptied by dumping the dredged material through doors in the

15,21

3 bottom of the ship's hull or by direct pumpout through a pipeline.
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Sources of turbidity

42, Resuspension of fine-grained maintenance dredged material during
hopper dredge operations is caused by the dragheads as thev ave pulled
through the sediment, turbulence generated by the vessel and its prop wash,
overtlow of turbid water during hopper tilling operations, and dispersion
of dredged material during open-water disposal. This latter source
of turbidity is discussed in great detail in the DMRP report entitled
"Field Study of the Mechanics of the Placement of Dredped Material at

7

Open-Water Disposal Sites.' Only the turbidity pencerated during the
dredging operation will be discussed here.

43, The most obvious source ol near-surface turbidity is the over-
flow water. During the tilling operation dredged material slurry
is often pumped into the hoppers after they have been tilled in order
to maximize the amount of higher density material in the hopper. The
lower density, turbid water at the surface ot the tilled hoppers over-
flows and is usually discharged through ports located necar the water-
line of the dredge. Distributions ot suspended solids in these over-
flow plumes are primarily dependent on the nature of the sediment
being dredged; the design and operation of the dredpe  (such as torward
speed and pumping rate); the nature, concentration, and volume ol over-
flowed material; the locations of the overtlow ports; and the hvdrologic
characteristics of the dredging site (such as water depth, salinitv, and
current direction and velocity). Although there may be no increase in the
hopper load achieved by continued pumping of tine-prained sediment into
filled hoppvrs,‘m‘ 33 overflowing is a common practice.
Field measurements

44, Measurements of suspended sclids concentrations in the vicin-
ity of the hopper dredge CHESTER HARDING during a maintenance operation
in San Francisco Bay findfcated that a near-=bottom turbidity plume ot
suspended dredged material extended up to 700 m downcurrent trom the
drcdgv.l6 In the immediate vicinity ot the dredpe a well=detined,
upper plume was generated by the overtlow process and a near=bottom
plume by draghead resuspension; 300 to 400 m behind the dredpe the two

plumes merged into a single plume (Figure 7). As the distance trom the
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.J Figure 7. Hypothetical suspended solids plume downstream of a hopper
! dredge operation with overflow in San Francisco Bay. All
% distances in metres
J dredge increased, the suspended solids concentrations in the plume
= .
VA generally decreased and the plume became increasingly limited to
-
B the near-bottom waters, although some surface discoloration was often
j evident along the entire length of the plume. Suspended solids concen-— ]
EJ
; trations in the upper and midwater column rarely exceeded several
: .
i hundred milligrams per litre (relative to background concentrations ot
: 31 to 35 mg/Q) except directly adjacent to the hopper dredge overtlow
£ ports where concentrations were as high as several grams per litre,
Near-bottom plume concentrations were usually less than a few prams |
per litre relative to background concentrations of 38 to 123 mgp/¢. |

45. Near-surface suspended solids concentrations were also mea- '
sured in the overflow plumes generated during maintenance operations by
the MARKHAM in Saginaw Bay ship channel, Lake Hurun.u avd the COETHALS
in the Thimble Shoal Channel, Chesapeake Bny.js These plume measure-
ments are summarized in Figure 8., In addition to the obvious exponen- |
tially decreasing levels of suspended solids with increasing distance

from the dredge, the width of the near-surtface plume behind the COETHALS

39 ,,
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Figure 8. Relationship between concentration of suspended solids in the
near-surface overflow plume and the distance (in metres) down-
stream of the overflow ports
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increased with increasing distance from the dredge. This surtace pattern
resulted from lateral dispersion of the dredged material and attained a
half-width of approximately 75 m at a distance of 900 m behind the dredge.
46. These data indicate that the suspended solids levels generated
by a hopper dredge operation are primarily caused by hopper overflow
in the near-surface water and draghead resuspension in near-bottom
water. Suspended solids concentrations may be as high as several tens
of grams per litre near the discharge port and as high as a tew grams
per litre near the draghead. Turbidity levels in the near-surtace plume
appear to decrease exponentially with increasing distance from the
dredge due to settling and dispersion, quickly reaching concentrations
less than 1 g/¢. However, plume concentrations may exceed backpground
levels even at distances in excess of 1200 m.
Turbidity conmtrol
47. Operational procedures. Examination of Figure 8 suggests that
the levels of suspended solids in a plume generated by typical hopper
dredge overflow can be decreased by reducing the solids concentration ot
the overflowed material. This can be accomplished by reducing the flow
rate of the slurry being pumped into the hoppers during the latter phases
of the hopper filling um,‘r:ltion.}3 By using this technique, the solids
content of the overtflow can be decreased substantially (e.g., from 200
to 100 g/ or less by woightjh). while the loading efticiency of the
dredge is simultaneously increased.

48. Flocculant injection. There have been several attempts made

to increase the rate at which dredged material settles in the hoppers
and simultaneously decrease the solids content of the overflow by injecting
flocculants into the slurry prior to discharge into the hoppers or

36,3
Syt Whereas these

spraying flocculants into the tilling hoppers.
techniques are ineffective due primarily to the high solids content ot
the slurry, the settling rate of the suspended material in the overtlow
water may be increased somewhat by injecting polvelectrolvtes (floccu-
lants) into the overflow water before it s discharged overboard.
During tests in Saginaw Bay ship channel, Lake Huron, polvelectrolytes

were used to treat the overflow trom the hopper dredpe MARKHAM that had




a typical solids content of 100 g/f or less. Average near-surface
suspended solids concentrations in the plume at a distance of 1350 m
from the dredge's overflow ports averaged 58 mg/{ (relative to average
background concentrations of 24 mg/?) and 36 mg/f (relative to back-
ground values of 29 mg/¢) for untreated and treated conditions,
respectively. Based on these data, treatment of the overflow may
provide a marginal increase in the settling rate of the solids sus-
pended in the overflow plume, thus reducing the levels of near-surface
turbidity during hopper dredge overflow. For the dredging operation
described above, the cost of flocculant addition per 10 cu m of over-
flow was approximately $0.24.34

Submerged overflow system

49. To minimize the dispersion of the discharged overflow the
Ishikawajima-Harima Heavy Industries Company, Ltd., Japan, in coopera-
tion with Tokushu-Shunsetsu Company, Ltd., Japan, has developed a
relatively simple submerged discharge system for hopper dredge over-
flow.38

to minimize the incorporation of air bubbles and the overflow discharge

The overflow collection system in the dredge was streamlined

ports were moved from the sides to the bottom of the dredge's hull.
With this arrangement, the slurry descends rapidly to the bottom with
a minimum amount of dispersion within the water column.

50. This modified overflow system has been successfully used on
three Japanese trailing hopper dredges with capacities ranging from 2000
to 4000 cu m without generating any significant near-surface turbidity
in the vicinity of the dredge. Suspended solids concentrations around a
2000 cu m hopper dredge with a conventional overflow system ranged
from 10 to 1990 mg/% above average ambient concentrations of 8 mg/¢,
whereas with the submerged system solids concentrations were at most
only 5 mg/f above ambient levels of 7 mg/t. The system can be incor-
porated into existing hopper dredges, hopper barges, and scows through
simple modification of existing overflow systems. Symcon Marine Corpo-
ration (P.0. Box 1800, San Pedro, Calif. 90733) currently has the market-
ing franchise for this antiturbidity system in the United States.
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Agitation Dredging

51. Agitation dredging is often used in some parts of the country
to deepen shallow channels or clean out low-density material from slips
in harbor areas.39 When this "dredging' technique is used, the bottom
material is intentionally resuspended by prop wash,40 dragging the
bottom,41 continuous hopper dredge overflow, or sidecast:ing.!“2 The
material is then transported downstream with the river current or out-
going tidal flow. Although this type of operation can be quite effec-
tive and economical, its use should be restricted to those areas where
short-term exposure to high levels of suspended solids will not be

detrimental.

Unconventional Dredging Systems

52. Over the last few years several unconventional dredging sys-
tems have been developed in the United States and overseas to pump
dredged material slurry with a high solids content and/or to minimize
the generation of turbidity. Although an evaluation of their potential
for reducing the generation of turbidity was beyond the scope of this
study, seven unconventional systems are briefly described. Most of
these systems are not intended for use on typical maintenance operations;
however, they may provide alternative methods for unusual dredging
projects (e.g., chemical "hot spots'") when the capabilities of a par-
ticular system provide some advantage over conventional dredging
equipment.

Mud Cat

53. The Mud Cat (Mud Cat Division, National Car Rental System, Inc.,
P. 0. Box 16247, St. Louis Park, Minn. 55416) is a relatively small,
portable hydraulic dredge designed for projects where a 38- to 92-cu m/hr
discharge rate is sufficient. Instead of the conventional cutter the
Mud Cat has a horizontal cutterhead equipped with cutter knives and
a spiral auger that cuts the material and moves it laterally toward the

center of the auger where it is picked up by the suction (Figure 9).
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Figure 9. Horizontal cutterhead of the Mud Cat dredge showing cutter
knives and spiral auger (Courtesy of MUDCAT Division
National Car Rental Systems, Inc.)

This cutter can remove a layer of material 2.4 m wide and 0.4 m thick

from water depths of 0.6 to 4.5 m leaving the dredged bottom flat and

free of the windrows that are characteristic of the typical cutterhead
dredging operation.

54. By covering the cutter/auger combination with a retractable
mud shield the amount of turbidity generated by the Mud Cat's operation
can be minimized. During one operation near-bottom suspended solids
concentrations 1.5 m from the auger were usually slightly greater than
1 g/&, relative to near-bottom background concentrations of 500 mg/R%.
Surface and middepth concentrations measured 1.5 to 3.0 m in front of
the auger were typically less than 200 mg/% above background values of
40 to 65 mg/%. In general, the turbidity plume was confined to within
6 m of the dredge.43
Waterless dredge

55. Waterless Dredging Company (124 North 15th Street, Mattoon, I11.
61938) has recently developed a dredging system where the cutter and a
submerged centrifugal pump are enclosed within a half-cylindrical shroud.

By forcing the cutterhead into the material, the cutting blades remove
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the material near the front of the cutterhead with little entrainment of
carrier water. According to the.manufacturer, this system apparently
is capable of pumping slurry with a solids content of 30 to 50 percent
by weight with little generation of turbidity. Dredge (pipeline) sizes
range from 15 to 30 cm.*
Delta dredge

56. Delta Dredge and Pump Corporation (11743 Lackland Road, St.
Louis, Mo. 63141) has also developed a small portable dredge that ap-
parently removes material at a high solids concentration using a sub-
merged 30-cm (12-in.) pump coupled with two counter rotating, low speed;
reversible cutters (Figure 10). According to the manufacturer, this
equipment is capable of making a relatively shallow 2.3-m-wide cut
without disturbing the surrounding material. For this reason,
turbidity levels in the vicinity of the cutterhead are apparently

low.AA

-
4
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Figure 10. Delta dredge (Taken from Reference 44.
Used courtesy of Symcon Marine Corp.
and WODCON Assn.)

* Personal Communication, 17 October 1977, Don Searles, Waterless
Dredging Company, Mattoon, I1l.
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Bucket wheel dredge

57. Ellicott Machine Corporation (Baltimore, Md.) has recently
developed a unique bucket wheel excavator (Figure 11) as a means of
improving the efficiency of the cutting operation. Because the cutting
force is concentrated on a much shorter cutting edge, the bucket wheel
has the capability ot efficiently digging highly consolidated material.
In addition, the material is force fed to the suction as the wheel
turns, making it possible to control the solids content of the dredged
material slurry by varving the rotation speed of the wheel. Theoreti-
cally, this bucket wheel not only accurately digs to a prescribed level,

as
: . 27
but also maximizes the pickup of the excavated material.

58. Pneuma. The Pneuma system, developed by SIRSI
(Italian Corporation for the Research of Water Use), Florence, ltaly,
was the first dredging system to use compressed air instead of centrit-
ugal motion to pump slurry through a pipeline. Although it has been

used extensively on European and Japanese dredging projects, the Pneuma

Figure 1l1. Bucket wheel dredge (Taken from Reference 27.
Used courtesy of Symcon Marine Corp. and
WODCON Assn.) 1
system has only been available in the United States since 1975 (through

Pneuma North America, Inc., 823 Commerce Drive, Suite 230, Oak Brook, I1l1.
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60521). According to the literature published by the manufacturer, this
system can pump a slurry with a relatively high solids content with
little generation of turbidity.

59. The Pneuma system consists of a pump body (composed of three
cylinders), compressor, shovel, and a distributor system that auto-
matically controls the ‘supply of compressed air to the cylinders.

When the pump is submerged, sediment and water are forced into one of the
empty cylinders through an inlet valve (Figure 12). After the cylinder
is filled, compressed air is forced into the cylinder closing the inlet
valve and simultaneously forcing the material out of an owtlet valve and
into the discharge line. When the cylinder is empty, the air pressure is
reduced to atmospheric pressure, the outlet valve closes, and the inlet
valve opens. The two stroke cycle is then repeated. The distributor
system controls the cycling phases of all three cylinders so there is

always one cylinder operating in the discharge mode.

FILLING PHASE DISCHARGE PHASE

COMPRESSED T

BOTTOM SEDIMENT

Figure 12. Operating principle of the pneumatic pump
(Courtesy of Pneuma North America, Inc.)

60. Depending on the material being dredged and the mode of opera-
tion, the three cylinders of the Pneuma system can be arranged in vari-

ous ways with different shovel attachments. The frontal shovels are
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normally equipped with cutting grills that facilitate penetration into
compact bottom sediment. The system has been used in water depths of 50
m; however, 100- to 200~-m depths are theoretically possible. Depending
on the size of the particular Pneuma pump used, production rates can
range from 40 to 2000 cu m/hr. The pump can be deployed from a land-
based or floating crane, pulled through the sediment in a trailing
position, or attached to a dredging ladder.

61. According to unpublished data, the amount of resuspension
generated by the Pneuma system is also apparently minimal.

a. During one maintenance dredging operation at the Port of
Chofu, Shimonoseki, Japan, suspended solids levels of

4, 10, 26, and 48 mg/¢ were measured at depths of 7, 4, 2,

and 1 m above the bottom, respectively, approximately 5 m

in front of a 300/60 Pneuma pump mounted on a ladder.

Turbidity levels 30 m from the system appeared to remain

within the general background range of 1 to 3 mg/Q.

|o

During a second maintenance operation at Kita Kyushu City,
Kokura, Japan, average turbidity levels measured 5 m from
the ladder-mounted Pneuma pump were approximately the same
as background values measured 50 to 100 m away. Only one
turbidity measurement taken 1 m above the bottom, 5 m from
the system, indicated an elevated value of approximately
13 mg/¢ relative to background concentrations of 6 mg/t.

62. Oozer. The Oozer pump,48 developed by Toyo Construction
Company, Ltd. (3-7-1 Kanda Nishikicho, Chiyoda-ku, Tokyo, Japan, and
marketed in the United States by TJK, Inc., 7407 Fulton Avenue, N.
Hollywood, Calif.), operates in a manner similar to that of the Pneuma
system; however, there are two cylinders (instead of three) and a vacuum
is applied during the cylinder-filling stage when the hydrostatic pres-
sure is not sufficient to rapidly fill the cylinders. The pump is
usually mounted at the end of a ladder and equipped with special suction
heads and cutter units depending on the type of material being dredged.
The conditions around the dredging system (i.e., the thickness of sedi-
ment being dredged, the bottom elevation after dredging, as well as the
amount of resuspension) are monitored by high-frequency acoustic sensors
and an underwater television camera. Based on production records,

the larger Oozer system has an approximate dredging capacity ranging

-




from 300 to 500 cu m/hr. During one operation suspended solids levels

within 3 m of the dredging head were all within background concentra-

tions of less than 6 mg/t. Dredging costs (excluding disposal) using

the Oozer system are approximately $6 to $7/cu m.*

& s e

63. Mudlark. The Mudlark is another type of pneumatic pump that
has been developed to transport dredged material. Similar to the OQozer,
it has two chambers that are alternately phased; however, with this
system compressed air drives a piston that pumps the slurry.

Clean Up system

|
;:'l
E

64. To avoid the sediment resuspension typical of a cutterhead
dredge, TOA Harbor Works (TOA Kensetsu Kogyo Company, Ltd., 5 Yobancho,
Chiyoda-ku, Tokyo, Japan) has also developed a unique Clean Up system
for dredging highly contaminated sediment.49’50 The Clean Up head
consists of a shielded auger that collects sediment as the dredge
swings back and forth and guides it toward the suction of a submerged
centrifugal pump (Figure 13). To minimize sediment resuspension, the
auger is shielded and a movable wing covers the sediment as it is being
collected by the auger. Any gas that is released from the sediment is
trapped by a shroud and vented to the surface where it is ccllected.
Sonar devices on both sides of the head indicate the elevation of the
bottom in front of and behind the head; an underwater television system
also indicates the amount of material being resuspended during a partic-

ular operation. During one dredging operation suspended soliac concen-

trations around the Clean Up head ranged from 1.7 to 3.3 mg/Q at the

surface and 1.1 to 7.0 mg/¢ 3 m above the suction equipment relative to

background near-surface levels of less than 4 mg/R.

* Personal Communication, 15 December 1977, Hyman Fine, Civil Engineer
U. S. Army Engineer District, Norfolk, Norfolk, Va.
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Figure 13. Cross-sectional view of the cutterhead of the Clean Up
system (Redrawn from References 49 and 50. Used
courtesy Symcon Marine Corp. and WODCON Assn.)

Dredge Selection

65. When considering an upcoming dredging operation, the project
engineer may be faced with the problem of selecting the "best'" dredge
based on the cost and availability of different dredges, the operating
conditions at the project site, the material to be dredged, the job
specifications, and various environmental considerations.51 According
to a comparison of conventional dredges by Wakeman, Sustar, and
Dickson,52 "the cutterhead dredge seems to have the least effect on
water quality during the dredging operation. This is followed by the
hopper dredge without overflow. The clamshell dredge and hopper dredge
during overflow periods both can produce elevated levels of suspended
solids in the water column." Although vthis may be true under a given
set of environmental conditions, the variability between different
sites, material types, dredge sizes and capabilities, as well as

perator performance and training makes it difficult to compare different
types of dredges.
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66. Unfortunately, since each dredging/disposal project is site
specific, a dredge that may be ideal in one situation may not be
suitable for another. The production rate of a given dredge relative
to the levels of turbidity that may be generated, the duration of the
project, and the background conditions should all be considered when
evaluating the potential impact of different sizes and types of
dredges. It is also important to remember that a sophisticated and
expensive dredging system will not necessarily eliminate all environ-
mental impacts associated with dredging operations. In addition, it
is imperative to concurrently consider the compatibility of all the
components of the dredging operation, including excavation, transporta-
tion, treatment, and disposal, as a total integrated system and not as
separate components. The relative impact of each operation must be

objectively evaluated relative to its cost and overall benefits.
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PART 111: PREDICTION OF DREDCED MATERIAL DISPERSION:

OPEN=WATER PIPELINE DISPOSAL OPERATIONS

67. During the maintenance dredping of channels located in vivers
and estuaries, fine-grained dredged material is tyvpically disposed within
designated open-water or side=channel disposal arveas located 300 to
1,000 m trom the channel in water depths of 1 to 6 m.  On most lavge
maintenance operations, a cutterhead dredpe mayv be used to excavate the
sediment, which is subsequently pumped as a slurry through a pontoon-
supported pipeline at velocities of 4 to 6 m/sec to a disposal arvea

adjacent to the channel (Figure 14). Due to the variability in

Figure 14, Typical channel maintenance dredping operation
with open=water pipeline disposal

depth ot cut, rate of swing, and stepping technique used on a particulan
operation, the dredped material slurry will usually have a highly
varfable solids content ranging from 0 to 40 percent solids by weipht
15 percent solids by weipht is a tvpical average value. Dissolved
oxyeen levels in the tine=grained slurry are essentially zevo,  The ead
of the pipeline may be ecither above water ov submerped at an anple ot O

to 90 dep relative to the water surtace and mav he equipped with a
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deflector plate. As the dredge advances down the channel the discharge
point is usually moved periodically to other disposal areas adjacent to
the channel. The dredging operation is normally continuous, but may be

interrupted by mechanical breakdown, ship traffic, or bad weather.

Modes of Dredged Material Dispersal

68. The discharged dredged material slurry is generally dispersed
in three modes. Any coarse material, such as gravel, clay balls, or
coarse sand, will immediately settle to the bottom of the disposal area
and usually accumulate directly beneath the discharge point. The vast
majority of the fine-grained material in the slurry also descends
rapidly to the bottom where it forms a low gradient circular or ellipti-
cal fluid mud mound.13 A small percentage (1 to 3 percent) of the
discharged material is stripped away from the outside of the slurry jet
as it hits the water surface and descends through the water column53 and
remains suspended in the water column as a turbidity plume. These
latter two forms of dredged material dispersal will be evaluated in more

detail in the following discussion.

Turbidity Plumes

Plume characteristicsn’53

69. The levels of suspended solids in the water column above the
fluid mud layer generally range from a few tens of milligrams per litre
to a few hundred milligrams per litre. Concentrations rapidly decrease
with increasing distance downstream from the discharge point (Figure 15)
and laterally away from the plume center line due to settling and hori-
zontal dispersion of the suspended solids. Since solids concentrations
in the plume often increase with increasing depth, the plume boundaries
may be more distinct in the near-bottom portions of the water column.
Under tidal conditions, the plume will extend inland during the incoming
(flood) tide and seaward during the outgoing (ebb) tide. The plume
length will usually be only slightly longer than the maximum distance of
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open-water pipeline disposal operations measured at the
indicated water depths
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one tidal excursion (i.e., the distance that the suspended sediment is
transported during an ebb or flood tide). In other words, as the tide
changes direction a new plume will form downcurrent from the discharge
point and will be superimposed on the older plume formed during the last
tidal cycle; the new plume will continue to grow until the tide again
changes direction. In rivers where the flow is unidirectional, the
plume length is controlled by the strength of the current and the set-
tling properties of the suspended material. In both estuarine and
riverine environments the natural levels of turbulence and the fluctua-
tions in the rate of slurry discharge will usually cause the idealized
teardrop-shaped plume to be distorted by gyres or eddylike patterns
(Figure 16).

Factors controlling plume characteristics

70. The large degree of variability characteristic of most tur-
bidity plumes can be traced to several major factors: the discharge
rate, character of the dredged material slurry, water depth, hydro-
dynamic regime, and discharge configuration. The first four factors
will be discussed below and used as input for a relatively simple plume
model; the discharge configuration and its affect on slurry dispersal
will be discussed in Part IV.

71. Particle settling rates. The nature and persistence of tur-

bidity plumes are controlled largely by the settling rates of the
material suspended in the water column. Low concentrations of silt and
clay (with diameters of less than 0.03 mm) settle very slowly causing
large, persistent turbidity plumes. Under certain conditions clay
particles may collide to form aggregates or flocs with diameters of 0.1
to 2 mm. If the suspended particles are coarse-grained or composed of
large flocs, they will settle relatively rapidly; the suspended solids
concentrations in the resulting plume will be relatively low and de-
crease very rapidly with distance from the discharge point.

72. Turbidity plumes will be relatively persistent in fresh water,
because fine-grained particles at low concentrations do not readily form
flocs.sa However, the degree of flocculation increases very rapidly as

salt concentrations increase from 0 to 10 g/ and remains essentially
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constant between concentration of 10 g/% and seawater concentrations of
35 g/e. 12

subtle influence on settling behavior but its importance is relatively

The clay mineralogy of the dredged sediment may exert a

small due to the presence of naturally occurring organic material which
apparently coats the clay particles. In fact, in salt water the set-
tling rate of the suspended material generally increases as the organic
content increases.54 Regardless of the sediment/water composition,
settling rates generally increase with increasing solids concentrations j

11,12,54 .. higher solids concentra- j

up to approximately 10 to 20 g/%;
tions the particle settling rates are "hindered" or reduced due to
contact with adjacent sediment particles or flocs.

73. Effect of various factors on plume characteristics. The

particle settling rates, slurry discharge rate, water depth, current
velocities, and the diffusion velocity (describing horizontal dispersion)
all interact to control the characteristics of the turbidity plume
during the disposal Operation.53 As the current velocity increases,

the plume (as defined by a specified level of suspended solids in excess

of background) will grow longer. With increasing depth of water in the
disposal area, the average concentration of suspended solids in the
plume will tend to decrease. As the dredge size increases or particle
settling rates decrease, the plume size and suspended solids concentra-
tions will tend to increase. In addition, as the diffusion velocity
increases for a given current velocity, the plume becomes longer and
wider, while the solids concentrations in the plume decrease. (However,
if there is no resuspension of bottom sediment, the total amount of
solids in the plume will remain the same.) Finally, with a decrease in
diffusion velocity or particle settling velocity, or an increase in
water depth, the length of time required for the plume to dissipate ]
after the disposal operation has ceased will increase.

Turbidity plume model53

74. A simple method for predicting plume characteristics has been

developed based on a theoretical hydraulic model. This model has subse-

!
|
{

quently been verified and empirically refined using field data collected

around three typical open-water pipeline disposal operaticns in estuarine
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environments. Only six input parameters are necessary: the size of the
dredge, water depth and average current velocity in the disposal area,
mean diameter or settling velocity of the sediment being dredged, an
estimate of the diffusion velocity, and the "age" of the plume. The
model will provide an approximate 'worst case' prediction of the shape
and dimensions of the plume, the corresponding average excess concen-
tration of suspended solids (above background) along the plume center
line as a function of distance from the discharge point, and the per-
sistence of the plume after the disposal operation has ceased. Factors
such as discharge configuration, waves, and wind, although important,
are not considered in the model due to their complex and quantitatively
unpredictable effect on the plume characteristics.

75. Procedure. The following stepwise procedure indicates how the
six input parameters are used to calculate several nondimensional
variables that are plotted on the accompanying nomographs. The non-
dimensional numbers are then converted to physical units of metres and
milligrams per litre using distance and concentration scaling factors,
respectively.

a. Determine the amount of material that will remain sus-
pended in the water column (q): q is at most 5 percent
of the total quantity of material discharged by the dredge
(Q) where:

Q(g/sec) = pipeline (cmz) x flow (cm/sec) x solids con- (1)
area velocity tent of 3
slurry (g/cm”)

Therefore: q(g/sec) = 0.05 x Q(g/sec)
Convert q to mg/sec.

If the silt/clay content is less than 5 percent, use that
fractional amount instead of 0.05.

b. Determine the average vertical thickness of the plume (D):

D(cm) = one-half the average depth of the water in the
disposal area for depths less than 8 m,

c. Determine the rate of horizontal spread of the plume:
This rate is controlled by the diffusion velocity (w),
which is estimated based on the following average values:




Environment w (cm/sec)

3
Lakes and rivers 0.3
Medium estuaries 1.0

(e.g., Corpus Christi Bay)

i Large estuaries 1.4

i (e.g., Chesapeake Bay)

|

7 d. Determine the mean particle settling velocity (vs) A

8 size analysis of a typical sediment sample from the

dredging site should be performed using disposal site
water; no dispersing agent should be used. From the size
data determine the mean diameter of the sediment. The
mean particle settling velocity v_ (cm/sec) can then be

S
approximated using Figure 17.

100 ¢ T YT T VT LBRILS AL T T YTy T
3
10 E~— et s - = feer g
e 5
- p
- R
- B
H
-
1 k- —_——— e e e ———p
g : T 3
= - =
2 - ]
& K 4
-
d - — e E
> F =
0 - 4
z L 4
4 - e
-
(%
w 00— ] g g
@ E E
- R
- R
- g
0.001% E = 3
E 3
- R
- R
° 1 Lt biiiahe iciabint oot e b ot cbaal o a il
8.000! 0.001 0.01 0.1 1 10

: y PARTICLE DIAMETER, cm

Figure 17. Settling velocity versus mean particle diameter

e. Determine the age of the plume (t): The age of the plume
is the time (t) that is required for the plume to reach
its maximum length. In an estuary, where the current
reverses direction, this will occur at the end of an ebb or
flood tide. In those estuaries where there are two high
and two low tides/day the age of the plume is: 3
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t(sec) = 6 hr = 2,16 X 1()4 sec = 2 Xx IOA sec (3)

Where there is one high and one low tide per day:

/i
t(sec) = 12 hr = 4 x 10 sec (4)

In rivers the flow is unidirectional; therefore, plume age
is defined as the length of time that is required for a
particle with a settling velocity (v ) to settle a
specified vertical distance relative to the depth of

water (D). The surface plume will probably not be visible
after the suspended particles have settled approximately
10 ¢m below the surface; therefore, for the surface plume:
10 em (%)

AY
S

For the near-bottom plume:

t = (6)

n

Determine the average current velocity (u): For estuaries

the everage current velocity over the time interval t

can be measured in the field (over several tidal cycles)

or estimated using a value of maximum current velocity

(u ) obtained from tide tables published by the National
Oceanic and Atmospheric Administration. The average

current velocity is then estimated using the following

formula:

2 X u
u(cem/sec) = _max €7)
n
For rivers u is simply the average current velocity over
the length of the disposal operation.

76. Knowing these six parameters, nondimensional ratios and scal-

ing factors can be developed and then used to calculate worst case

estimates of vertically averaged suspended solids concentrations (above

background) along the plume center line as a function of distance from

the discharge point.

a.

b.

w

Determine the value of o

Determine the value of y where:

)

= S 8
Y D (8)

and round off to 0.1, 1, 3.2, or 10.
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Determine the Distance Scaling Factor (DSF):
DSF(cm) = ut 9)

Determine the Concentration Scaling Factor (CSF):

CSF(mg/cc) = —d— (10)

nw-Dt

Enter Figure 18 at the calculated value of w/u, move up to
the appropriate Yy<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>