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INTRODUCTION

One of the activities of the Center for Dredging Studies is to organize and

conduct an Annual Dredging Senlinar. The first Seminar was held in New Orleans

in 1968; this volume represents the Proceedings of the Twenty-Fourth Seminar. The

purpose of the seminar is to disseminate recent research results, discuss case studies,

and highlight any other topics of interest to the dredging industry.

The 1991 Dredging Seminar followed the samepattem.
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CAPPI~G OF CONTA}1INATED SEDI~E~TS AT HIGH ENERGY SITES

by

Carol M. Sanders*

ABSTRACT

Over the past' several years" "hot spots," or areas of contaminated
sediment, have' been identified in river, estuary, and ocean sediments
nationally as well as regionally. Although it was originally believed
that the dispersive nature of water bodies would dilute waste
discharges, some contaminants became concentrated in the sediment,
causing sediment and water quality problems;

Because of the high cost and technical uncertainties of treatment
technologies, capping or contained: aquatic disposal (CAD) is being
considered for the containment and remediation of contaminated
sediments. '. Laboratory and pilot studies, in addition to practical field
applications, indicate .that capping can be effectively used to contain
contaminated sediments in quiescent conditions. Less information is
available regarding the effectiveness of capping in high-energy
shoreline sites. Most. capping studies and proj ects have not;: involved
shoreline sites that are impacted by erosional forces. These sites
involved more sophist.icated engineering. and construction.. Alternative
capping materials. must be conside~ed to armor the cap.'

This paper will identify two high-energy shoreline sites where
containment of contaminated 'sediments has been evaluated. Innovative
methods of remediation that..minimize impacts to the environment were
evaluated at each of the sites. Site character~stics, capping materials
and cOl),struction considerations will be addressed. Factors affecting
long term stability of the cap, such as steep slopes, high currents,
boat prop ·.wash, and materials and placement techniques will be
.discussed.

INTRODUCTION

. This paper will address the concerns regarding implementing an effective
cap design in a high-energy shoreline environment. Case histories of
proj~ct~ will be presented to (1) ~rovide insight into why capping is
being considered as an alternative to treatment of contaminated sediment
and (2) evaluat~ engineering considerations for capping. This paper
will focus on the issues jnvolved in cap design incl~ding site
considerations t cbnstructabilitYt and engineeri~~ acceptability. A
multid~sciplinary approach to cap design will also be discussed.

Capping in high eriergy shoreline areas.is· not routinely considered. The
impacts of shoreline and boat traffic. wave energy, steep slopes, and.
public access ~re unique concerns to shoreline capping'. A quiescent
deep water site where access and erosional forces 'are not an issue are
much more desirable sites for capping. The majori~y of actual capping
sites are.comprised of these more suitable sites. Therefore. there is

*Woodward-Clyde Consultants, Seattle t WA.
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also less technical data about the long term effectiveness of capping
high-energy shoreline sites, making the suitability of the capping
alternative questionable.

Chiefly, the high cost and technical uncertainty of contaminated
sediment treatment alternatives often makes containment by capping a
more viable option.

CASE HISTORIES

Two high,en~rgy sites will be'presented. These sites will be described"
and their suitability for cont8i~ent by capping will be evaluated. The
engineering and construction considerations will be· presented.

The PGE site was capped in September 'of 1990. The Great Lakes Basin
site is in the design stages and certain information is not available
due to client confidentiality.

PGE SITE

The PGE Station L site is located on the eastern shore of the ~illamette

River in Portland, Oregon. PGE' operated d steam-powered electricity .
plant at the 28-acre site. Historical records showed that a transformer
a~ the turbine building alo~g the ~horelirie failed, relea~ing PCBs.int~

the water. Riverbed sediments along the shoreline (an area of
approximately 80 by 120 feet) of the PGE St.ti6n L site ~ere

contaminated ..

After studying alternatives to contain, treat,and dispose of the
contaminated sediment (CH2M. Hill, 1989), a remedial action was selected'
and outlined in a record of decision. The selected alternative
consisted of low-volume dredging to remove surface~contaminatedsediment·
followed ?y capping the site to prevent further exposure.

A dive survey of'the site helped to identify site conditions that
impacted the dredging and cap design. A large amount of subsurface
debris coupled with steep slopes and existing structures'restricted
dredging and cap placement. Moreover, there was concern that the

,removal of the debris would disperse the contaminated 'sediments. ·Low
volume dredging was implemented so that (1) existing debris could be
worked aro~nd, and (2) disturbance of debris would be minimal.

"Low-volume" dredging resulteo in the use of a diver' with a suction hose
to remove the sediment a~ound the debris. Conventional dredging wa~ not
allowed due to the concern over sediment resuspension. This method'
resulted in removal of approximately 45,000 pounds,of sediment 'and over
500,000 gallons of water. The water was treated prior to discharge back
into the ~illamette.River. While ~urbidlty requirements were met, this
method would not completely remove all of the contaminated sediment
under the debris, therefore a cap was also required.

2
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Cap Design

'The cap needed to be desig~ed ,for chemical and biological isolation as
well 'as stability. Because of the shoreline' location and adjacent boat
traffic; the impacts of, c0mmercial and recreational boating were key,
factors. Engineering analysis ,showed that the cap ,would require
armoring to prevent scour.' '

The steep slopes were also a factor affecting cap placement. With
slopes' of 1.4 horizont~l to:l vertical, keeping the sand cap in place ,

,was a primary concern., A subaqueous gravel berm was constructed around
the perimeter of the, ~ite to hold the toe in place and provide a,
turbi~ity barrier prior to the placemp.nt of the cap material. ,During
construction, the, berm proved to be effective for both st~bilization and
turbidity control.

After the berm was in place, a 0.9 meter (3 ft)(minimum) layer of clean
'dredge sand wa!' placed with,a clamshell dredge~ The dis~harge was
carefully controlled and placement crews began working off~hore to,
inshore and upstream to dO,wnstream to, limit turbidity and movement of'
the sand ,layer. Low-flow river conditions also aided in the placement.
After taking soundings to measure the thickness of the sand isolating
layer. a protect~ye gravel filter material (4 inch minus) was placed.
Rip, rap armoring'followed the placement of the gravel layer.

Alternatives to conventional 'rip rap armoring were considered to reduce
the overall cap thickness. Concrete revetment'matting such as
;,'ARMORFLEX" was evaluated. How<:!ver, to conform with ongoing shoreline
modifications that used rip'rap adjacent to the PGE site. rip rap was
selec~ed., Si~ce no sedimerit'cores were req~ired for monitoring of
chemical isolation, ;only physical monitoring'will be conducted at 'the
PGE si~e. No provisions ~cir ongoing monit6ring of the sand isolating
laY,er through'the armoring w'ere implemented. Therefore, the physical
stability of the ,cap i~ imperative to assure isolation of the
contaminated sediment. ,

GREAT LAKES BASIN SITE

River sediments adjacent to an industrial facility within the Great
Lakes Basin have been' contaminated by polychlorinated biphenyls (PCBs).
resulting from dIscharge from the' site's outfalls. By studying' the '
hydrodynamics' pf the river system~ Woodwar'd-Clyde Consultants (WCC) was

,able to, devise a sampling plan to identify the nature and extent of '
contamination,. WCC then conducted 'a coinplete site investiga!=ion and
remedial' alternative evaluati~n for this shoreline site, in which'
capping is a'highly ranked alternative.

Site Setting

The river adjacent 'to the facility is 'part: of an active navigation
channel. A shallow shelf adjacent to the shore front was create4 between

3



1957 and 1959 by ~dredge s~oil fro~ the channel. The facility ....as .built
on the shoreline area made from dredge spoil.

Four outfalls discharge along the heavily ....ooded'shoreline. At ~he

. discharge point of t ....o of the outfalls, .heavily contaminated sediment
has been found. The area of highest contamination coincides ..... ith the
highest ·£16.... [3.5 million gallons/day (mgd)] outfall.

Hydrodynamic ~tudy

The complex hydrodynamics of this 240,000 cfs river needed to be known
to make preliminary determination of the extent of contamination. The
facility is adjacent to the south bank of the river, where the river is
divided by an island. Two upstream dams. control the f16..... Generally,
the water depth along the shor~ is less thari 20 feet ..

A hydrodynamic ·'study was conducted. The study included the follo .... ing:

• Drogue deployment for circulation
• Current meter deployment
• Dye releases from the facilities' discharges
• Complete data analysis and computer imaging
• Contaminant transport modeling

The result was a clear idea of the circulation and~movement of
contamination. Due to a pronounced shoreward water flo .... , the
contaminated area had been restricted to a narrow band within a few
hundred feet of shore.· The coring data substantiated these conclusions.

Sediment Sampling

Over l27samples were collected from 47 locations. Both grab samples·,
and vibracoring were used for sampling. PCBs were found in 72sample~..
The concentration of PCBs was greatest in the surficial (less than 16
inches) sediment; Overall, the contamination decreased with depth ..

Initial calculation showed that approximately·2,OOO cubic yards (cyd) of
sediment is above PCB ·levels of 500 mg/kg; 17·,000 cyd are above 10
mg!kg; and over 74;000 cyd are over 1 mg/kg of PCBs·.

Capping Alternative

Both in situ capping and contained aquatic disposal are being evaluated
at the site. Because of the existing dis~harges, the shallo....

.conditions , and wave-impacted shorelines, armoring of the cap would be
required for in situ capping. ~ concrete revetment mat. fo~ armoring is
considered a viable alternative. As the mat reduces the overall
thickness 'of the cap and would have less of an impact on the shoreline
topography. .

The shoreline profile may also lend itse1f·to contained aquatic
disposal. The bathymetric survey shows an underwater depression. This
depression appears to have been an overdredged channel to allow large .
boats to offload at the shoreline. Sediment sampling indicates that the

4
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. sediments are uncontam'inated, thin"," and underlain with till in this
dredged channel. This makes for an ideal containment site for the
contaminated sediment.

"However, in situ capping is viewed more favorably at this site, due to
.the potential short-term environm~ntal impacts of dredg~ng and placement
of the contaminated material in the depression. These ~mpacts should be
weighed against the long-term containment benefit.

CONCLUSIONS

Capping is being evaluated as an effective method of containing .
"contaminated sedt"ment in both the subtidal and intertidal areas .. Unt~l

~ecently. most capping projects were in so-called quiescent subtidal
areas. Capping in high energy, intertidal areas presen~s unique
challenges to assure cap stability and long-~erm effect~;e~ess.

~roposed intertidal capping projects should ~nclude prov~s~ons" for
sampling" and monitoring so that long-term effectiveness can be measured.

REFERENCES

CH2M Hill. 1989. Remedial Action Plan. Portland General Electric
Station L.
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NAVIGABLE DEPTH CONCEPT

by

John B. Herbich, Ph.D., P.E,l, Ronald Darby, Ph.D., K.E. 2

Gordon Wilkinson, M.Eng. 3 and Allen Teeter, M.S.

ABSTRACT

The navigable depth is defined as the --.maximum depth wi th respect to
chart da'tum which, -for navigation purposes, is considered safe to accept as
the bed of the channeL In defining, nautical depth two criteria must be
satisfied: 1) damage must not occur to the ship's hull within the entir~

region of the nautical depth, and 2) maneuverability must not be significantly
affected.

These criteria are directly dependent· on the rheological properties of
the sediment within the navigation channel. However, measurement ,of
rheological pr~perties· in. situ is not perfected and continuous laboratory
measurements are required. It may be possible for practical purposes to use
the specific gravity of the material which can be measured relatively easily
for establishing navigable depth criteria. The· actual· value of specific
gravity must be selected on the basis of sediment, properties that exist at·· a
specific channel. This suggests that no single value is acceptable for use at
different geographical locations., .

The -n'autical depth . concept has been adopted at.·- Europort/Rotterdam
Harbors which specifies saf~ depth for navigation at an efevation in channel
bottom layer where. the specific gravity of the soil/water mixture. is 1.20.
The· navigable depth concept has also been accepted at the· Port of Zeebrugge,
Belgium and Bordeaux, France, Keil, Germany and Southall, England.

A survey was· conducted to evaluate the presence of fluid mud in U.S. and
foreign channels and it appears that fluid mud is present in many of the U.S.
channels and navigation channels overseas. The results of the survey indicate
that 85 percent of the U.S. ports have fine sediments and 79 percent have fine
sediments in navigation channels. Seventy-five percent of the foreign harbors
contain fine sediment. . Fluid mud in the channels may be detected by dual
frequency echo sounders or ,in some cases with a single fre~uency.

Rheological tests indicate 'that fluid mud form non-Newtonian fluids and
several samples analyzed indicate Bingham body characteristics.

lW.H. Bauer Professor of Dredging Engineering, Director, Center for Dredging
Studies, Civil Engineering Depar.tment, Texas A&M University, College Station,
~X 77843-3136; telephone 409/845-4517.·
Professor, Chemical Engineering Department. Texas A&M University, College

~tation, TX 77843.
Structural Engineer, McDermott Incorporated, P.O. Box 60035, New Orleans, lA

Z0160-0035. ..
Hydraulic Engineer, Hydraulics Laboratory, USAE Waterways Experiment Station,

3909 Halls Ferry Road, Vicksburg, MS39l80.
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INTRODUCTION

This study had two main objectives. First, to investigate the
occurrence of fluid mud in domestic and international navigation channels.
Second, to determine appropriate methods for evaluating the important
rheological characteristics -of' 'fluid muds as they relate to determining a
better definition of safe navigable depth.

The results from this study clearly indicate that fluid mud exists in
significant quanti ties in the U. S. and most foreign ports. However, there
exists no definite set of criteria to determine when fluid mud in navigation
channels and harbors affects safe and economic navigation of vessels. 'A
better definition of a ", safe navigable depth in navigational channels is
'required in order to decide where dredging is actually needed.

The "navigable", or "nautical", depth concept is practiced unofficfal : ..,
in many U. S. ports as the pilots guide ships through channels that conta; 1

fluid mud layers. However, there have been no criteria developed; either ill
terms of density, shear _strength of' fluid mud, or, in terms of frequency
setting- on echo-sounding, equipment, that adequat~ly define the navigable
depth. "

, The "nautical depth" concept has been adopted at the Europort/Rotterdam
harbors which specifies safe depth for navig'ation at an" elevation in the
channel bottom layer where specific gravity of the soil-water mixture is 1.20.
The ratio of water depth to ship draft is ,important fn navigation: course
stability is ,enhanced with decreasing ratio of water depth to ship draft, i.e.
1.1 or 1.2 -- but'turning performance is recluced. The ,"nautical depth"
concept is important in defining the usable depth in "silty" channels.

Fairly elabo~ate full size tests were conducted in the Netherlands to
evaluate the rudder response, increased power requirement,' etc. caused by
fluid muds in the channel bottom.

A panel of the Marine 'Board, National Research Council, chaired by Dr.
John B. Herbich, on the "Criteria for the Depths of:- Navigational' Channels"
recommends that the "nautical depth" concept' should be adopted for silty
channels in the United States (Herbich, et a1., 1983). '

, SUMMARY OF THE MOST IMPORTANT LITERATURE

An extensive literature survey was conducted at the Center for Dredging
Studies Library. In addition, a literature search was made at the Sterling C.
Evans Library at, Texas A&M University. The literature search was conducted on
a personal computer which accessed three databases:

£. COMPENDEX PLUS
Q. OCEANIC ABSTRACTS
£. NTIS

The COMPENDEX PLUS database provides coverage of the world's significant
engineering and technological literature. COMPENDEX ,PLUS is produced by
Engineering Information, Inc. and corresponds to the printed publication,

8
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"Engineering. Index" , plus additionaL, conference records from ,the Engineering
Meetings file. Each record in COMPEr-;DEX PLUS is a reference to a journal
article, technical report, engineering society publication, book" conference
proceedings, or individual conference paper, and includes a concise abstract
describing the document.

OCEANIC ABSTRACTS organizes and indexes technical literature published
worldwide on, marine-related subjects. Over 9,000 citations from approximately
2,000 domestic and international sources are added to the database. each year.
Records cite journals, books, technical reports, conference proceedings, 'and
government and trade publications. Maj or sUbj ect areas covered 1?y OCEANIC
ABSTRACTS are oceanography, marine biology, marine pollution, ships and
shipping, geology and 'geophysics, meteorology, governmental and legal aspects
of marine resources.

NTIS is produced by the National Technical Information ,Service (NTIS) of
the U. S. Department ,of Commerce,' the central source for the public sale and
dissemination of U.S. government-sponsored research. The database consists of
unclassified government-sponsored research, development, and engineering
reports, as well as other analyses prepared by government agencies, their
contrac~ors, or grantees. An increasing proportion of the database consists
of 'unpublished material originating outside the U. S. The NTIS databas'e
corresponds to several printed "publications including "Government Reports
Announcements & Index" (GRA&I) and twenty-six abstract newsletters. Most NTIS
records include an indicative or informative abstract.

Key words used in the search included:

g. nautical
Q. depth
£. navigable
Q. bottom
~. ship channel
f. waterway
g. port.
h. harbor
,i. dredging
i. engineering
k. fine sediments
1. echo-sounders

The most important articles have, been reviewed in depth and are
summarized herein.

Several studies on the concept of navigable' depth ("nautical depth"')
have been performed at European ports. Evaluations 9f the, maneuvering
characteristics of ships, and densimetric and rheological studies both in the
laboratory and field have been conducted .. Also, extensive investigations into
the economic and technical aspects of the naVigable depth 'conceptfor use in,
European ports have been conducted.

In' May 1981 a ~ermanent International Association of N'avigational
Congress (PIANC) Yorking Group (Brolsma, et al., 1982) prepared a report which
addressed issues such as a definition of the term' , 'nautical depth;
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maximum depth wi th respec t to
is considered safe ·to accept as
in defining nautical depth two

maneuverability in muddy. areas and techniques to measure channel bottom
properties.

Echo-sounding devices have typically been used by hydrographic surveyors
to determine the channel depths. However, some discrepancies exist between
various equipment manufacturers. Also, the interpretations made in evaluating
the channel depths using echo soundings may be questioned. A report by the
British Ports Federation (1987) ~as swrnnarizedthe .various types of echo
sounders for hydrographic surveying of channels. A· discussion on the problems
associated with fluid mud is included.

NAVIGABLE DEPTH (NAUTICAL DEPTH)

The navigable depth is defined as the
chart datum which, for navigational purposes,
the bed of the channel (Figure 1). Hence,
criteria must be satisfied:

~. damage must not occur to the ship's hull within the entire region
of the,nautical depth, and

h. maneuverability must not be significantly affected.

Water surface Le ton

K= io T Til cros~f section

1
! ~

K+T c: Required ~ tanker

Nautical ~pth -1:,,_:~......... ,-~ -
. ;r underkeel clearance ~

- - -= ~)~~~....~,,~~:- _.
solid seabed

.....c(l:'<'.....».,,)1'r.;Xll:"..."".....,(.fr7',.,;;'l':l)xr'<'<~(.~<9'~',.,,'r.,J~.'<"« ...(~«t"O'.'r.>,r7'71"...,K...<:'«'("\G'<:l'.'7'r.;;r;''7)<<'<',<T.

-3_ gIn cm

1·002

, suspended mud

deeper static suspension causes-,
,negative underkeel clearance

~:"'l!"-:..fo- unc;;solidated

lilll~'~2~O~s~t~a~tic suspen s ion, .,1.j5consolidated static
suspension

Figure I .. Compari~on of density profile and tanker cross-section to
illustrate concept of nautical depth.

10



I
I
I
I
I
-,
I
I
I
I
I
I
1-
I
I
I
I
I

These criteria are directly dependent on the r~eological properties of
the sediment within the - navigation channel. However, measurement of
rheological properties in si t'u is not _perfected and continuous laboratory
measurements are required. For practical purposes, specific gravity of the

- material, which can be measured relatively easy, can also be used for
establishing criteria fora-nautical depth. _ The value of specific gravity
needs ~o be selected based on sediment properties that exist in a specific
region. This suggests that no single value is acceptable for use in different
-geographical locations. Each'location should be studied in detail _to confirm
the important rheological characteristics of the fluid mud that is
representative of that area. Also, each site would need to be rheologically
evaluated in detail over a sufficient period of time so that seasonal changes
are considered. Based- on such a study, a safe value' of specific gravity may
be chosen. Alternative criteria may be used if found to be applicable, - i.e.
shear strength of the fluid mud.

De Meyer and Malherbe (1986) performed an analysis of initial rigidity
and dynamic _viscosi ty for bottom material obtained from Zeebrugge, Belgium.
Based on this analysis they suggested the nautical bottom be defined by the
transition from: '

s:. "the first behavior domain where maneuvering characteristics are
poorly or not affected by the concentration of the deposit and are
rather similar to those in pure water; to

Q. the second behavior domain where maneuvering characteristics are
strongly affected by the concentration values of the deposit and are
consequently different f~om those in pure water."

De Meyer and Malherbe found this' transition could be described by a
range -of specific gravity, values depending on the mud particle content and
sand particle content. They also introduced an experimental rheometer which
can measure rheological ,properties in situ. Research is ongoing for
improvement of such methods.

The temporal characteristics of fluid muds in navigable channels also
need to be understood. The behavior of cohesive muds in an estuary has been
studied by Parker and' -Kirby (1977). They state that fine sediments exist in
three states which comprise an erosion-deposition cycle: (1) The' mobile
suspensions state is the mechanism by which sediments arrive at a site. (2)
Static suspensions are often referred to as fluid mud or fluff and can be
detected by appropriate echo-sounding devices. (3) If static suspensions
further consolidate a skeletal soil framework forms (Figure 2). The echo
soundings of the static suspensions can be significant in that they are
temporally variable and affect:

e. Measurement of navigable depths.
Q. Measurement of dredging required-.
£. Increases in depth achie~ed by dredging!
g. The timing of dredging operations.
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COHESIVE SEDIMENT DYNAMICS

,Mobile Suspensions

~
~
Q.
Ul

"~-~,
0":)

Static Susp-ensionsSettled Mud

Figure 2. Relationships Between Mobile and Static Suspensions and Settled Mud

Because echo-soundings reflect .the sharpness of the density change per
fraction of acoustic wavelength and not the density of the material itself,
dredging of low density material may result .. Thus, inefficient dredging may
be performed on material that would otherwise naturally consolidate and' cause
significant gains in apparent navigable depth without having heen dredged.
The employment of techniques to measure density would result in more accurate
descriptions of the suspension structure and maintenance dredging needs.

VESSEL MANEUVERABILITY IN HUDDY AREAS

Brolsma, et a1. (1982) summarized several significant effects of muddy
water on navigability as a result of full size and scale model tests at the
Port of Rotterdam. "The presence of a fluid silt layer causes the following
effects when compared with navigation in clear water:

~. Greater resistance,
Q. Reduced stopping distance,
£.. Reduced rudder action for a given R. P.M., and
g. Reduced squat and "turn."

. Alteration in vessel response is a result of several factors which
include a change in the fluid medium properties and wave generation at the
interface of the fluid mud and the water. Maximum effect occurred at an
underkee1 clearance of 3 percent above the silt/water interface. Effects were
reduced at both underkeel clearances of positive 10 percent and a negative 3
percent.
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Full-scale investigations were also performed at the Port of Zeebrugge,
Belgium. The tes,ts were carried out in the presence of a fluid mud' layer" to
a specific gravity of about 1.14. A number of conclusions resulted from these
tests:

g. Vessel acceleratioD is not significantly influenced,
Q. Vessel deceleration for positive keel ciearances above the

silt/water interface is equal to that of.a hard bottom condition.
~egative'keel,clearances resulted in much greater resistance ,forces,

£. Waves were detected at the silt/water interface,
.Q. "There is no .obstruction for a vessel to pass through the top of a

mud-layer", and
~. "The keel-clearance is a critical, parameter for ship's resistance in

the middle and high ve'locity spectrum (6 knots' and more);
resistance is higher with'a' factor of2 or 3 resulting ina velocity
drop ~f about. 50 p~rcent at constant power."

TECHNIQUES TO MEASURE CHANNE~ BOTTOM PROPERTIES. '

Much progress has been achieved in the development of new specific
gravity ,measuring techniques .. Brolsma" et a1. (1982) described two types of
radioactive probes thiit allow in situ measurement of specific gravity. The'
two, probes, transmission type and backscatter type, can, be lowered overboard
with the use of a hydrauli~ hoist. Specific gravity can be measu~ed

continuously during the probe's de'scent. These, probes are limited' to point
measurements only.

More ,recently, several types of instrumentation have been developed that
can continuously record in situ specific gravity during vessel transit,.
Granboulan, et al. (1985) discussed an ultrasonic probe developed by the Port
Authority of Bordeaux and Borqeaux Universi~y. Their objective was to define
a relationship between the reduction of an ultrasonic signal and the
rheological properties of the, fluid mud. Results of their studies indicate a
relationship bet~een shear strength and fluid mud concentration. The
ultrasonic probe can, be' calibrated for correct, readings of sediment
coricentr~tion, which then can be used to characterize properties ~f ~he fluid
mud.

De Vlieger and De Cloedt (1987) present a summary of a fairly robust
background of what led to the development of a towed density probe called a
"Navitracker" . The system was described as consisting "of a towed fish
containing a high-speed nuclear transmission, gauge, an 'intelligent' winch
controlling the vertical movement of the towed fish and a main computer which
controls and runs (via the' necessary interfaces) both the echo-sounding and
densi~y surveys which are 'conducted simultaneously." They discuss three steps
that can be taken to deterniine the "optimum and absolute nautical depth" in
ports experiencing fluid mud problems.

The first step makes use of point-density measurements with backscatter
gauges~ Based on these'measurements a "fixed reduction of the top mud level"
may be determined.

An.increase in nautical depth may be further realized by the employment
of a measuring device that records continuous, in situ specific gravity at a
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predetermined value. The value of specific gravity ~hosen would correspond to
a change in the rheological characteristics of the fluid mud in the area .. For
example, at the Port of Zeebrugge, a specific gravity of. 1.15 has been
determined rheologically to best define the nautical bottom. However, at the
Ports of Europort/Rotterdam, Bordeaux, Karlsruhe, Kiel and Southall a specific
gravity of 1.2 defines the nautical bottom.

A third increase in
measurements of rheological
instrumentation.

nautical depth
properties by

may
.the

be achieved by
use of newly,

in situ
developed

ADVANTAGES OF THE NAVIGABLE DEPTH CONCEPT

De Vlieger and De Cloedt have concisely summarized the advantages of the
nautical depth concept.

"General advantages.:
* Depth gain (1 ft to 5 ft) without supple~enta:rydredging·

costs
* Introduction of the real navigable depth
* Stability (in all circumstances) of this nautical bottom

Advantages for port authorities:
* Production of weekly plans indicating the nautical·

bottom
* Enlargement of the "access window" for. deep-draft .

. vessels
* Increase ·of turnover

Advantages for maintenance dredging:
* Establishment of iso-density charts enabling to limit

dredging to the ports where safe navigation is
endangered by shoaling

* Improvement of the intrinsic dre~ge output by dredging a
more dense product (1.2 and more) .

* More·effective monitoring of the maintenance dredging·
program as a function of seasons (storms, etc.) and

. their influence on siltation resulting in important
savings in maintenance dredging costs

Advantages for ship owners:
* Reinforced confidence for a safe access of their vessels
* Maximal gain in drafts enabling vessels to take more

cargo, lowering the freight costs .
* Diversification of the fleet employment

Intrinsic advantages of the towed nuclear transmission probe
NAVITRACKER:
* Application of the nuclear measurement principle as

opposed to less accurate or ambiguous measurement
principles like optics, acoustics, etc.

* Underway and in situ measurement of density

14
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:* Surveys performed ±5Q times quicker than with the
conventional stationary methods, for the same amount of
data

* Automatic· data processing'
*- Absolute measurement of density in all circumstances of

mud composition, presence of gas,'etc.
* Simultaneous measurement of echo sounder depths and

density level depths with Navitracker
* Absolute reliability and reproducibility of the

collected results
* Same data density as with conventional echo sounders
* No need for accompanying, very costly;' calibration or

sampling campaigns."

SUMMARY OF SURVEY RESPONSES

The responses received were instrumental in determining locations' where
fluid mud exists in U.S. and Foreign Ports. Sixty-one responses were received
from U. S.' ports', twenty-seven from U. S; Districts and eighteen from Foreign
ports. The results for each category of responses are summarized in Figures 3
through 6. In addition, many comments were received with.the questionnaires
and are pre~ented herein.' -

One hundred and sixteen survey questionnaires were sent to U.S. ports,
of which sixty-one responses were received. Eighty-five percent of U.S. ports
reported .that fine sediments (fine sands, silts, clays, etc.) are found. in
harbors, and seventy-nine percent contain fine sediments in navigation
channels. Fifty-seven percent have cohesive sediments in harbors, and forty
eight· percent of U. S..- ports have cohesive sediments in navigation channels..
These results are consistent with previous knowledge that dredged harbors arid
channels are basically. sediment traps unless there are sufficient currents to
remove the accumulations during river floods or ocean s'torms by ebb storm
tide. A summary of the responses from U.S. ports is 'shown in Table· I.

Fifty questionnaires were sent to the U. S. Army Corps of Engineers
District, of which twenty-seven responses were received. Seventy percent
reported . that fine. s~diments are found 'in harbors, and' eighty-nine' percent
have fine. sediments in navigation channels. Fifty-six percent have ·cohesive
sediments in harbors, and sixty-three percent of U.S. Districts contain
cohesive sediments in navigation channels. The results of the survey are in
correlat ion wi th. those obtained from U. S . ports I since the responses cover
many of the same harbors and channels. Table 2 contains the response results
from U:S. Army Corps of Engineers Districts.

Seventy- seven' questionnaires were sent· to' foreign ports. A total of
eighteen responses were received. Of those responding, seventy-eight percent
reported t::hat fine sediments are found in harbors, and eighty-nine percent-of'
foreign ports have fine sediments in navigation channels. Sixty-seven percent
have cohesive sediments in harbors, . and seventy- two percent of foreign ports
contain cohesive sediments .in navigation channels. What is most significant
is _that five .of.the ports included in the survey have adopted a "navigable",
or "nautical", depth concept: 1) EuroportjRotterdam, the Netherlands, 2).
Kiel , West Germany; 3) Karlsruhe, West Germany, 4) Southall, Middlesex. United
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Figure 4. Fine Sediments in Navigation Channels
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Table 1

Sum:narv o~ ResC'onses :;:rom U. S. Ports

Fine Sedi,.,e,. c,,: C:ohesive Seciments Na'ngable Dep~h

State & In In 110 In Sa"'p:"es Ccncep:.

Ter::ito:=ies Port Name Harbo:: Channel Harbor Channel ';:aken De! Feasible Needed Adop:.ed

AX A.... chora!'e Y Y Y .y N SW: N y Y

Seward N N N II """ N N N

Va:dez II N N N N
"
N N N

AL Mobile Y Y N Y II Y Y Y

CA Eureka Y Y Y N N II N

Long Beach Y Y Y Y y SWI N Y N

Los Angeles Y Y Y Y Y SWI N N N

Oakland N N N N N SWI N N II

Port Huene:ne Y Y N N Y SWI Y N

San Diego Y N Y N N SWI Y N N

San Francisco y Y y Y N SWI N N
West SacrBr.'lento Y . Y Y Y N SWI Y

DE Wi lJr.ing ton Y Y N

FL Ft. Laudardale Y Y Y Y Y SWI N N N

Key West Y N Y N N SWI Y Y Y

Miami N N .: N N SWI N N N
PalJr. Beach Y y N N N SWI N N N
Palmetto Y Y Y Y N "

Panama C: ty Y Y N N N Y N N
Port Everglades y y Y Y Y SW::: N N Y
St, Peterbu:::cg Y N Y N N SWI Y N Y

Ta:.:pa Y Y N N N SWI Y N II

Guam Piti Y Y N N N SWI' Y Y Y
EA Honolulu Y Y N II N SWI N N

IL Waukegan Y Y Y Y SWI Y Y Y..
IN Kokomo Y y Y Y Y N N N
LA Plaque:nines NIl'. NIl'. NIl'. NIl'. N NIl'. NIl'. Y Y

Lake Charles Y Y Y Y Y SWI Y Y N

New Orleans Y Y Y Y Y SWI Y Y Y
Po:=t Allen Y Y N ·N SWI· N N N

LNMI Saipan Y N N N N N N N
MA Augusta Y Y N N N SWI N N N
MD Baltimore Y y y Y Y SWI N N N
MO Kansas City Y Y N N N SWI Y Y Y
MIl Duluth N N N N N SWI Y N N-
MS Gulfport Y Y Y Y Y Y Y N

Pascagoula Y Y N N II SWI II N N

NC Wilmington Y .Y Y Y II SWI Y II N
NY&NJ . Port Authority Y Y Y Y N SWI Y N N

OH Cleveland Y Y Y Y Y SWI Y N N
OR Eugane Y Y Y Y Y SWI Y Y Y

Newport Y Y II N N Y Y Y
Portland Y Y Y Y Y N N N

PI'. Philadelphia Y Y Y Y II + Y Y Y
I

RI North Kingstown Y Y Y N Y SWI N Y N
SC Ci".arleston Y y Y Y N N N N

(Continued)
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Table 1 ( Concluded)

F~ne Sedirr.e:-:.t.s C:JhesivE! Se::::i:nents Nav:gable Deo~h

S~ate & II' :;:n :n Ir. Samples Ccncep~

Territories Port Name Harbor Cha:mel "'arbor Char'me:' Taken De: ?easible I'eeded Adopted

TX :orpus Christi Y Y Y Y Y ·S~: y y y

?reepo::L !i N N. ~ N N N Ii

Galveston Y Y Y N'

Houston Y Y Y Y N Y Y Y

Pon. Authur Y Y Y y N Y Y

VA ~orfC?lk Y Y Y "N Y Y N N

Richmond Y Y N N N SWI N
V.1. St. Thomas y Y y Y Y SWI N Y N

WA Aberdeer. Y Y Y ,y Y SWI Y Y Y

A..,.acortes Y y y y y SWI N

Everett y Y Y Y Y SWI N N N
Olyr.lpia y Y N N N SWI .N N., N

Port Angeles Y N N N N N/A N/A N N/A
Seatt.le Y Y N N N SWI' N/A ·N N/A
Tacoma N N Ii N N SWI

SUMMARY YES: 52 48 35 29 21 YES: 25 21 16

NO: 7. 12 24 28 40 NO: 25 34 35

NO RESPONSE: 1 a 3 a N.R. : 8 6 8

N/A: 1 ;. a N/A: 3 a 2

Sm-MARY X YES: 85.2 78.7 57.4 47. 5 34.4 YES: ·41. a 34.4 26.2

NO: 11.5 19.7 39.3 45.9 65.6 NO: 41.0 55.7 57.4
NO RESPONSE: I.E a'. a 1.6 4.9 0.0 N.R. : 13.1 9.8 13.1

N/A: ·1.6 1.6 1.6 1 :6 0.0 N/A: . 4.9 0.0 3.3

Derini tions for Navigable Depth:
SWI Solids Water Interface

• Hard Bottom.*. Post Dredged Depth
+ MLW

Other, But Unspecified
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Table 2

Scm.mary of Responses fro::; U. S. Armv Corps _f." E71gineers Districts and Divisions-'~

:ine Sedimen~s Co:,:·s':ve Sedimen~s :'lavi.able Cep~h

S~2~e & In :n In In Samples C:>ncep~

Territories Por~ Na'1le Harbo= C"annel Harbor Channel Taken Def Feasib:'e :'leeded Adop~ed

AK Anchorage Y Y Y Y Y SWI Y Y Y

AR Little Rock Y Y Y SWI N Y Y

CA Los Angeles. Y v Y Y SWI N N N

Sacramento Y Y N N N SWI N Y N

FL Jacksonville Y Y Y Y Y + Y N N
GA Savannah 'If Y Y Y y. SWI Y Y N
IL Chicago Y Y N N N SWI N N N·

Rock Island N N· N SWI N N N
KY Louisville N ..Y N Y Y SrlI N Y N
LA New Orleans N Y N Y Y .. Y Y Y
MD Baltimore Y Y Y Y N SWI Y N N
MN St. Paul Y' Y Y N Y SWI N N N
I;Y Buffalo Y Y Y Y N SrlI N Y

New York Y Y Y Y N SrI"r N N
OK Sallisaw Y Y N Y N SolI N N N

Tulsa Y N N SWI N N N
OR Portland Y Y' Y Y Y SrlI N N N
PA Philadelphia Y Y Y Y Y SrlI Y N N

Pittsburgh Y N N SrlI Y Y N
SC Char::'eston Y Y Y Y N .. Y Y N
IX Brownsville y i Y Y N SrlI Y N

Corpus Christi Y Y y y N SrlI N N N
Galveston Y y N N Y SWI N N N

VA Norfolk Y y y Y N SWI N N N
WA Seattle Y Y Y Y N SrlI N N

Walla Walla N N N N N N N N
WV Huntington N N N N y SWI N Y y

SlM-lARY YES: 19 24 15 17 12 YES: 9 10' 4

NO: 4 3 8 9 15 NO: 16 17 ·21
NO RESPONSE: 4 a 4 1 0 N/R: 2 a 2

SlM-lARY % YEs: 70.4 88.9 55.6 63.0 44.4 YEs: 33.3 37.0 14.8
NO: 14.8 11.1 29.6 33.3 55.6 NO: 59.3 63.0 77.8

NO RESPONSE: 14.8 0.0 14.8 3.7 0.0 NIR: 7.4 0.0 7.4
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7able 3

Surrmarv of Responses from Foreign Ports

Fine ~ e:: =-2':';nents Cohesive Sediments lia .... :gable Dente.

In In In In Samples ::o:1cep~r 'Spec ifi c

Harbor c-:lannel Earbor Channel Taken De~ Adopted Grav~ty

I
I
I
I
I
I
I

I
I
I
I
I
I

Earcelona,' Spain Y y Y N SliI N

Botany BI!Y, Australia ·N Ii· N N N OTgER N

Cork, Ireland Y y Y Y Y SWI N

Europort/Rotterdam Y Y Y .y, Y 1 Y

Kingstown, Jamai oa Y Y .'y- Y .Y SWI N

Marseille, France ,N N N Y Y S;.;/I Ii

!'1elbourne, Australi a Y Y Y Y SWI N

Montreal, Canada Ii y, N y' N SWI ,N

New 'West-minster, Ganada Y Y N N N SWI N

Port Kembla, Australia y. 'y y N Y

Saint John, NB Y Y Y y' Ii SWI N

Semarang, Java Y Y Y Y Y

Southall, M~ddx. , England Y Y Y Y Y 1 Y

Zeabrugge, Belgium Y Y Y Y 2 Y

S1M-'JARY YES: 14 16 12 13 12

NO: 3 2 5 5 6

NO RESPONSE: 1 0 1 0 0

S1M-'.ARY % YES, 77.6 8.6.9 66.7· 72.3 66'.7

NO: 16.6 11.1 27.7 27.7 3,3.3

NO RESPONSE: 5.6 0.0 5.6 - 0.'0 0.0

Definition !or Navigable Depth:

SWI Solids-water interface

1 Specific gravity of 1.2

2 Specific gravity of 1.15

3 Shear strength

Other Unspecified
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Kingdom have adopted the navigable depth to an elevation where the specific
gravity is 1. 20, and 5) Zeebrugge, Belgium to an elevat~onwhere specific
gravity is 1.15. Results of the survey. responses are shown in Table 3.

LOCATIONS WHERE FLUID MUD EXISTS

The results found in. Tables 1, 2 and 3 clearly. show that many U.S. and
Foreign ports have fluid mud problems in navigation 'channels and harbors. A
comparison of 'these results shows that no U. S. port or U. S. Army Corps of
Engineers District has adopted any criteria for defining the safe .navigable
depth. However~ five out of the eighteen foreign ports that responded, have
already established criteria by which a better definition of a'safe navigable
depth may be obtained.' . This would indicate that the U.S. has either.no fluid
mud conditions 'in its ha.'rbors and channels, or that the U.S. is in effect
practicing a type of navigable depth concept without a discrete definition.
The latter is suggested as the reality of the 'situation, since this study has . I

found that, in' fact, the majority of U.S. ports and Districts have fluid mud
in harbors and navigation channels, and the pilots actually permit the ships
to navigate through fluid mud. .

Evidence .'

The presence of fluid mud in harbors and. navigation. channels can be
detected by dual' frequency echo- sou~ding records. Figure 7 represents a
typical dual frequency echo-sounding' record obtained by the Philadelphia
District immediately after dredging. Although.the thickness of the fluid mud
layer is not overwhelming,. it was interesting that the dual frequency, system
was capable of detecting such a small difference. Figure 8 is a double
layered echo-sounding record of the Calcasieu River Channel, Louisiana and
depicts a significant amount of fluid mud. above the hard consolidated bottom.
Figure 7 represents a good indication of fluid mud present in the Atchafalaya
River, lAo The Calcasieu River and Atchafalaya River typically experience
large layers of fluid mud accumulations throughout the year.

Although the types of echo-sounding instruments used in each location
vary, the general range of dual frequencies are usually 20-40 kHz ~nd 200~2l5

kHz. The lower frequency range typically reflects the hard consolidated
bottom. The higher frequency range typically reflects near the water- fluid
mud interface. This gradient is usually considered to be the fluid mud layer,
or sometimes. referred to as the "fluff" layer.

Single frequency echo-soundings may record a double bottom layer (Figure
9). The double-echo returns represent the "hard" bottom, and a density level
in the fluid mud stratification layer. The top echo return is generally
accepted as the "legal" navigable depth for most U. S .. ports and Corps
Districts. Hence, dredging is required to maintain the deeper depth (i. e.
bottom echo return) for safe access to harbors and ports. This clearly
suggests that such maintenance dredging in fluid mud areas is not always
necessary. Assuming that the fluid mud may not need to be dredged leads one
to believe that two echo-sounding reflections would be desirable. Thus, dual
frequency records should be obtained in areas of high shoaling to obtain a
better definition of the bottom layer stratification, i. e. fluid mud/water
interface and hard consolidated bottom.
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Figure 1. Dual Frec;.·J.e.:lcy. Echo-Sounding Rec,ords (CourtesY of Philadelphia
District, U.S. Army Corps of Engineers)
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The dual frequency echo-soundings more
layers in channels and harbors (Figures 8-10).
not as widespread as one may believe. Only a
indicated that dual frequency echo-sounders are

accurately detect fluid mud
The use of such a device is

few of the survey respondents
utilized.
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Areas of the U. S. found to experience'. high shoaling in parts of the
channels were Philadelphia, PA; Galveston, TX; New Orleans, LA; Calcasieu,
Atchafalaya and Mississippi Rivers, LA and Sabine~Neches River, TX.

Within the U.S., the present definition of 'channel depth for
navigational and dredging purposes is frequently taken as the upper acoustical
return of an.' echo-sounding record. This is usually representative of the
shallower depth. This depth often indicates the water/suspended sediment
interface, and not the hard consolidated bottom. It is the "hard" bottom that
is damaging. to the ship's hull, and not the fluid. mud layer. The echo
sounders are, however, the mos·t economical means available to miJst ports for
mapping the channel depths. However, echo-sounding records have the
disadvantage of not being representatiye of the rheological properties of the
fluid muds, which appear to be a more accurate indicator of ship/navigational
channel interaction.

RHEOLOGICAL CHARACTERISTICS

Background Information

The resistance o'r drag on a hull moving through sediment (e.g. "fluid
mud") depends upon the density and viscosity of the mud, as well as the.
velC?city and configuration' of the hull. For stable sediments (composed of
suitably fine or flocculated solids) with greater than about 5-10 percent
solids, the viscosity is not a constant value (i.e. Newtonian), but depends
upon the state of shear as measured by the shear rate or shear stress, and is
referred'to as non-Newtonian. The magnitude of the viscosity, as well as the
degree of non-Newtonian behavior, depends upon such factors as solids loading,
particle size and particle size distribution,' and various physico-cheII!ical
factors that influence the particle-particle and/or particle-fluid interaction
such as surface charges on the solids, ionic strength of ·the fluid, etc.

. The . non-Newtonian viscosity of sediments may be described by various
rheological models, depending not only on the actual behavior of the mud, but
also the range of shear rates over which this behavior is observed (e. g.
measured). Commercial viscometers cover a shear rate which typically ranges'
over a factor.of 10 to 100..Such data may usually be represented,within a·
reasonable range of accuracy, '!:>yone of several relatively simple empirical :
models containing two parameters. There are three common models ..

S. Power Law Model

Shear Stress: T .. m''Yn

n1Viscosity: .~ - T/'Y .. m 'Y .

The two parameters are:

(1) Flow Index - n. If n .. 1, the fluid is Newtonian, with a
viscosity equal to m. Hence the flow index is a measure of the
non-Newtonian character of the fluid. Most fluids (including
muds).are "shear thinning", with n < 1.
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(2) Consistency - m. This can also be interpreted as the viscosity
at a shear rate (1) of I sec-I.

Tht- Power. Law. model is very popular because it represents a
straight line on log-log coordinates, which is representative of a
lot of data over a limited range (e.g. up to 2 decades). However,
the model is not general and should'not be applied under conditions
outside of the range of the original data, since it predicts
unrealistic behavior in the limit of either very large or very
small shear rates.

Q. Bingham Plastic

Shear Stress: 1 = 1 0 + ~~1

Viscosity: ~ = 1/1 = 10 /1 + ~~

The two parameters are:

(1) Shear Stress - 10 , In principle, this material J:.,,,,haves as a
perfectly rigid solid when subj ected to any shear stress 1ess
than 1 0 ;

(2) Plastic or Limiting Viscosity ~(t). This model represents
shear thinning behavior, with an asymptotic approach to
Newtonian behavior with a viscosity of ~(t) at high shear rates.

The Bingham Plastic is the most common model used, to present the I

behavior of concentrated slurries and suspensions. I t is more " I
realistic than the Power Law model in that the limiting behavior at
high-shear rates is physically realistic. However, since the yield
stress is characteristic of behavior in the limit of zero shear
rate, it is very difficult to determine unambiguously. It must be
determined either by extrapolation from finite to zero shear rate,
or from rest to detectable (finite) shear rate. In either case,
experimental values are influenced greatly by the range and
sensitivity of the measurements, as well as the scale used to
represent and to extrapolate the data. In fact,· there is a
considerable ,school of thought that considers the yield stress to
be purely hypothetical, i. e. if a material will· flow as a fluid
under reasonable conditions, then it will probably continue' to flow
when subject to any finite shear stress, even if the rate of flow
(1. e. shear rate) may be imperceptible to ordinary observ·ations.

£. Carreau (or Williams) Model

Viscosity:

This model has four parameters, and is much more general than the
above models but includes them as special cases for appropriate
conditions:
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(1) Low- shear limi ting viscos i ty 77 0 , The model predicts
Newtonian behavior at sufficiently low shear rates, with
viscosity of 77 0 ,

(2) High-shear .limiting . viscosity 77CD' The model predicts
Newtonian. behavior at sufficiently high' shear rates, with a
viscositY,of 77CD' '

(3) Characteristic time constant - A. This ~an be interpreted as .a
characteristic response time of the fluid when subj ected, to
changing conditions.

(4) Shear' Thinning Parameter b. This is equivalent to, and
directly related to, the Power Law flow index, n.

The rheological model which was used to describe the viscosity of
the. mud samples was the Carreau (Williams) model. Thus 77 0
represents:the "strength" or viscosity of the unsheared flocculated
suspension, and is a direct measure of the bonding forces holding

.the floes together. The time constant A is a direct measure of the
~agnitude of the shear rate required to break down the floes, and

77CD . is viscosity of the deflocculated sediment suspension. As
mentioned above, the flow index or shear thinning parameter b is a
direct measure of the sensitivity of the suspension viscosity to
the shear rate in the intermediate nonlinear shear thinning range.
A value of b-=O corresponds to Newtonian flow I wher,eas a value of
b=0.5 corresponds to Bingham plastic behavior. Thus b is normally
in the range 0 < b < 0.5. The primary drawback of this model is
that an extensive range of data is required in order to determine
all four of the parameters I which can mean anywhere from three to
seven orders of magnitude range in shear rate, depending on the
material.

This model includes other simpler models as special cases:

(1) If 77o»77»77CD and (Al»>l, it reduces to the Power Law model:

77 - m I n - l where m - 770/A2b and n - 1- 2b

(2) Also, if b - 0.5 (n - 0), and 770 » 77CD' (A·y)2» 1, then it
reduces to the Bingham,Plastic model: ,

EXPERIMENTAL STUDIES

Viscosity measur~ments were made on a number of "fluid mud" samples
. taken from the Calcasieu, ·Louisiana River Channel, ,Corpus, Christi' Channel,
Texas " 'several locations on. the Mississippi River and Jacksonville, Florida.
The samples were allowed to settle to varying degrees, or were dilu~ed with
Calcasieu River water to various levels, to produce samples with :v:arious
solids concentrations . The range of concentrations employed resulted in
relative stable suspensions, which exhibited little or no. settling' over a
period of an hour or longer.' The specific gravity and weight. fraction ~f
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solids for each sample were also meas·ured.
sediment increased, the specific gravity also
was plotted for each sediment sample analyzed.

. As the solids fraction of a
increased. This relationship

A Fann VG concentric cylinder viscometer, specially modified to cover 12
speeds from 0.9 to 600 RPM, was used. The shear rate depended not only on the
speed and geometrical dimensions of the viscometer, but.a1soupon the degree
of nonlinearity of the sample, and the data were analyzed accordingly. The
equivalent shear rate range covered was typically from just over 1 to almost
700 s - .

Over this shear rate range, all samples analyzed were found to be most
accurately represented by the Carreau (Williams) model, with values of the
parameter b equal to approximately 0.5. The significance of this is that the
samples could probably be described within reasonab1r accuracy by the Bingham
Plastic model for shear rates greater than about 10-. However, the value of
the limiting (plastic) viscosity could only be approximately estimated, since
the highest shear rate attainable (approximately 700 s·l) was not high enough
to clearly identify the high shear asymptotic Newtonian limit. _

The values of the four rheological parameters, as well as the specific
gravity, were correlated against the solids weight fraction for the samples
studied. Measurements were made on representative samples taken from other
locations, for comparison. Typical plots of apparent viscosity versus shear
rate are shown in Figures 11-16.

E~HO-SOUNDING RECORDS

General Background

The use of echo-sounding devices for determining the depths of
navigation channels is almost worldwide. Nearly all ports throughout the
world are under constant pressure to accept increasingly larger vessels, which
means. smaller underkeel clearances. The traditional high frequency echo
sounding records have been known to falsely represent the true hard channel
bottom. This is especially true in ports which may contain fluid mud layers.
Therefore, it follows that the selection of an echo-sounding system is very
much dependent on the particular characteristics of the location(s). The use
of lower frequencies in areas where fluid mud is known to exist has proven to
be a better method in more accurately defining the hard consolidated bottom.
Multi-frequency devices provide double-layer returns that are useful in
interpreting channel bottom profiles (Figures 7, 8 and 10).

It appears that the frequency is the greatest single determinant in
echo-sounding devices with regard to its· ability to detect the water-fluid mud
interface, as well as the hard consolidated bottom.

The operating frequency of an echo-.sounding determines the level from
which a response may be expected and hence the recorded depth. The first echo
recorded on the chart depends on the nature of the reflecting boundary and its
affect on the incident acoustic energy.

In general, for ··the less well-defined reflected boundary,. the higher
frequency should be employed. Selection of· the frequency is important in

30



I
I
I
I
I
I
,I

I
I
I
I
I
I
I
I
I
I
I
Il.

Table 4

Parameters Used in the Carreau (Williams) Model for Florida Sediment

Samples from Canaveral Barge Canal

Sediment '1 0 "leo A Specific
File Name Concentration Etao Etai Lambda b Gravity

FL 1 0.308 40 0.09 0.24 0.50 1.17
0.305 50 0.09 0.22 0.50 1. 22
0.284 50 0.12 0.19 0.50 1. 23
0.309 55 0.14 0.18 0.50 L26

FL 2 0.204 95 0.11 0.18 0.50 1.15
0.214 100 0.12 0.19 0.50 1. 27
0.203 100 0.22 0.21 0.50 1. 38

FL 3 0.245 20 0.10, 0.25 0.50 1. 22
18 0.11, 0.22 0.50 1.14

FL 4 0.178 110 0.18 0.30 0.50 1.10
0.197 135 . 0.32 0.24 0.50 1. 22
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detecting the fluid mud in the channel.
usually reflects off the water fluid mud
The lower frequency range of 20 - 35 kHz
firmer ground beneath.

A frequency iange o£ 200 - 250
interface, but seldom penetrates
may give a light reflection from

kHz
it.
the

The subbottom pro filers which are used in defining the bottom, operate
at frequencies of 0.7 kHz ·or less, but are not normally used in evaluating the
depth 6f navigation channels. Since both the top layer of water fluid mud
interface and the fairly firm bottom are of interest, a d~al frequency echo
sounder has been developed and is being used by various agencies .

. 'Since many agencies define the bottom of the channel where the ground is
firm, the lower frequency echo- sounder is more generally used. Howe'ver, in
some areas where the fluid mud is obviously present, either both frequencies
are used or the higher frequency is used to evaluate the' bottom. of the
channel.

SUMMARY

1.' A survey has been conducted of U. S. ports, U. S. Army Corps of
Engineers, Districts, and Foreign ports in order, to evaluate the number of
harbors and navigation channels experiencing fluid mud conditions. Also, to
determine if a method exists at each location that is presently employed to
better define the safe "navigable depth". This would, of course, directly
influence maintenance dredging volumes and the amount of expenditures required
for dredging operations.

2. A high percentage of responses clearly ,indicated that many U. S.
ports experience fluid mud problems and presently no uniform procedure to
accurately define the channel, depth is practiceci.Most U. S. 'ports indicated
that echo-soundings are used' for determining maintenance dredging
requirements. However, the maj ori ty of respondents also mentioned that the
actual safe "navigable depth" is usually defined by the area pilots who
navigate large vessels through the channels. Experience' and long-term
observations by pilots have enabled them to predict when and where fluid mud
conditions exist. Recognizing the ability of large vessels to, in effect,
"plough" through the fluid mud layers has been utilize'd by many of the pilots
in U.S. ports.

3. Most of the pilots contacted suggested that a better definition of a
safe "navigable depth" concept would be of benefit to both the port
authorities and vessel owners. In some U. S. ports, where ,the "navigable

,depth" concept is unofficially practiced at the discretion of the pilots, a
better definition would be helpful in reducing the amount of liability and
risk involved while' navigating large vessels through fluid mud. Vessel owners
would also benefit since they could take advantage of the extra "safe" depth
limit.

4. This study has found that in some areas of the U. S., a half-foot
difference in channel depth between two economically competitive cities, might
mean hundreds of thousands of dollars in revenue. For example " several U. S.
ports are in a 'constant race of competitiveness to attract more vessels.' In
an effort to relax the concerns of skeptical ,vessel owners, pilots, may
"plough" the deep draught vessels through fluid mud in order to improve the
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perception' of safe access to a particular' port. This is not only confirmed by
many individuals, but is also visible as the vessels navigate through the
channels ·leaving behind a cloud of re-suspended fine material. It should be
mentioned that perception of vessel owners is of crucial concern to harbor and
port authorities.'

, 5.' Thus, if. a better method were adopted to define· the safe "navigable
depth",'many U.S. ports would benefit immediately. Also, this would re'duce

'the amount of maintenance dredging required' in areas that have thick layers of
, 'fluid mud,' In turn,' this would reduce the local and federal spending on non
ess~htialdredgingof this material.

In po'rts and harbors encountering fluid, mud, the incorporation of the
"navigable depth" concept appears to be. a feasible alternative to depth'
determined by echo - sounding alone. In short, two important advantages of
utilizing this 'concept are:

g. the reduction of .inefficient and unnecessary dredging of fluid mud
and thus the saving of much time and expense, and

Q. the assurance of safe navigation through channels based on the
knowledge gained of the rheological properties of the fluid' mud
layers on b6ttom.,

6. The experiences from Zeebrugge and Europortj Rotterdam suggest that
the adoption of a "navigable depth" concept for large U. S. ports might be
feasible. The economic advantages in these two ports, have proven to be an
alternative to the high costs associated with maintenance dredging.

7 .. ' This study has shown that fluid mud exists in U. S. harbors and
channels: Also, that a better definition of safe navigable depth is needed.
This may require each location to select its own governing criteria, since the
specific gravity may not be a universal solution for each site. However,
different specific' gravity values, such as those obtained from foreign ports,
may be one alternative'. ' Further studies are needed in order'to determine the
important rheo1:ogical properties that contribute to such criteria for U. S .
harbors and channels.
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Boston Harbor/Third Harbor'Tunnel, 
Mechanical Dredge· Sediment Resuspension Analysis

James D. Bowen1 and Gregory L. Hartman2

ABSTRACT

Construction of the- Third Harbor Tunnel- in Boston will require removal of
approximately one million cubic yards of contaminated surface sediments, marine
clay, glacial till, and underlying bedrock. Dredging and blasting will be conducted
over approximately a one year period and will cross a one-half mile wide navigation
channel of Boston's Inner Harbor characterized by reversing tidal currents of.. -

moderate intensity (approximately 1 foot per second).-- As part of the permitting
. process, predictions of sediment concentration and deposition from mechanical
dredging 'were used to assess potential impacts to water quality and marine
fisheries. Various dredging scenarios were analyzed to assess the ~ffectiveness

of mitigation measures such as closed bucket dredging and silt curtains. Predicted
suspended sediment concentrations, which were based on field measurements of
previous clamshell dredging operations, were found to be lower, than earlier
predictions based on· analytical modeling. Enclosed bucket dredging was
predicted to increase sediment deposition but decrease surface suspended
sediment concentrations as compared with conventional open clamshell dredging.
Silt curtains were considered to be difficult to install and maintain considering the
site conditions, but were 'predicted' to reduce sediment release by as much as 60
percent. Predicted copper, lead, and mercury.concentrations in the water column
were near or below chronic ambient water quality criteria beyond 500 feet of the
dredge point. Predicted deposition thickness as a result of dredging over the life
of the project was not considered sufficient to·produce significant impacts to winter
flounder spawning. -

INTRODUCTION

Construction of the Third Harbor Tunnel in Boston's Inner Harbor will require
dredging of a surface layer of organic silt as well as glacial till and marine ·clay.
Blasting of underlying bedrock will also be required. Sediments along the dredge
corridor have received inputs of hydrophobic heavy metals and organic

, Senior Hydrologist, ENSR Consulting and Engineering, 35 Nagog Park, Acton MA
01720

2 Senior Dredging Engineer, Hartman Associates, Seattle WA .
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contaminants for more than 200 years from industrial and municipal wastewater.
Regulatory agencies have expressed concern regarding the resuspension of these
sediments by the dredge plant. Impacts to the aquatic resources of the harbor
might result both from dredging effects on water quality and by increases to
sediment deposition rates.

This article presents a quantitative assessment of aquatic resource impacts
which was prepared during the permitting of the dredging activity. The dredging

. plant evaluated was a mechanical clamshell dredge with disposal scows. Of
particular interest was the potential effectiveness of mitigation measures such as
enclosed clamshell buckets and silt curtains. Water quality impacts were assessed
by predicting suspended sediment concentrations a.nd total suspended concen
trations of lead, mercury, and copperthat would be expected at specific.distances
from the dredging operation.. Predicted suspended sediment concentrations were
based on a review of previous clamshell operations with similar site conditions.
Contaminant conce.ntration predictions' were based on measured levels in the
sediments to be dredged: . Impacts to fisheries were assessed by predicting the
sediment deposition thickness expected·over the life of the project.. These
predictions 'required estimates of sediment release rates, which were back
calculated from suspended sediment concentrations using an analytical model of
the depth-averaged suspended sediment concentration.

The . following sections provide background information on clamshell
dredging, silt curtains, and enclosed 'clamshell" dredges. Calculation procedures
and descriptions of site conditions for the proposed proje.ct and previous clamshell
operations are included in the methods section, which is followed by a presentation
of the predicted water quality and fisheries impacts. The article concludes with a
comparison of the predictions to a previous analysis and discussion of the
uncertainties in the analysis.·

Sediment Resuspension During Clamshell Dredging

Conventional clamshell bucket operations create opportunities for release
of. sediment and associated contaminants into the water at the dredging site.
Resuspension of sediment during clamshell dredging operations can result from
anyone of four bucket actions (Palermo 1989):

• impact of the bucket with the bed, .
• bucket closure and removal from the bed,
• spillage and sediment sloughing during retrieval up through the water

column, and .
• spillage and leakage from the bucket during hoisting and swinging

to the scow.
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Once the sediment is suspended, it will return to the bottom in thre'e settling
zones (Sosnowski 1984). The initial mixing, zone is typically located within 10to
30 feet of the dredge. This is the zone of highest total suspended sediments due
to the action of the bucket. The second zone extends downstream, and:exhibits

, ' ,

a rapid gravitational settling' af"suspended sediments. In the final zone suspended"
se'diments gradually return to ambient levels under the combined influence of

, , gravity: settling and turbulent diffusion.

Previous field:studies on Clamshell dredging of fine grained sediments report ,
that.:an estimated 20 to 30 percent of the bucket payload excavated from the bed
can be spilled before reaching the disposal SCOW (Palermo 1990). However, the
majority of this estimated' spillage from an open' bucket does not escape the
dredging site., Following initial release and mixing of the sediment in the water
c'olumn, the greater portion of the suspended sediment will' agglomerate and.
rapidly settle back to the bed to be removed eventually by the d~edging process.
In general, approximately 2 p~rcent of the toted mass of dredged material can be
lost from the dredging site during a conventional clamshell dredging operation
(Tavolaro 1984). This estimate includes 1.2 percent resuspended by the dredge'
and 0.8 percent due to the scow overflow.

, Silt Curtains

.Silt curtains are 'flexible barriers, made of canvas, vinyl, or plastic, that are
hung vertically around the area to be dredged to block horizontal transport of
suspended sediment. They have been used successfully in controlling and
reducing suspended sediment release from dredging operations into the water
column. Experience indicates that water depth and current velocity are critical
factors affecting silt curtain feasibility and effectiveness (Johanson 1978). Because
of the relatively deep channel (37 feet) and moderate currents (approximately 1
foot per second) in Boston's Inner Harbor, successful use of silt curtains seems'
uncertain.' To prevent burial, a silt curtain is typically placed to allow a minimum'
of two to three feet clearance above the bed during low water.' . Deployment of a
curtain that provides a three foot clearance in Boston Harbor would require a skirt
length approaching 30 feet. Control and anchoring'of a30, foot silt curtain in
moderate tidal currents would be very difficult. ' Anchoring by both, pilings and
anchor lines would probably be required.. .

Enclosed Clamshell Bucket Dredges,

Tests on enclosed bucket performance in the water column were performed
in Japan and in the United States (Kaneko 1984, Hayes 19~). The Port and

, Harbor Institute in Japan developed a watertight bucket that generates 30 to 70
percent less suspended sediment than a standard open bucket. Field tests
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comparing an enclosed and standard open bu'cket at St. Johns River in Florida
indicated that the enclosed bucket generated 39 to 56 percent less suspended
sediments in the upper water column. , It also generated 220 to 330 percent more
suspended sediment _in the lower water column (Hayes 1984). The cause of lower·

.water column turbidity by a standard open bucket _is the impact, digging, and
withdrawai' of the bucket from the bed. The enclosed clamshell did nothing to
alleviate this problem, and appears to have made it worse. In addition, ·the bucket
design used in the St. Johns River test did not allow water to pass. through the
bucket during descent. .Water pushed ahead of the bucket may have caused
additional resuspension of sediments near the bottom (Hayes 1984) as compared
with standard open buckets. The Japanese design avoids this problem with
_louvered top plates that are disengaged until the bucket is closed on the bottom.

METHODS

Release, transport and sedimentation calculations were based on
measurements of suspended sediments at other dredge sites, available either from.
the literature or from the experience of the investigators. The analysis used
suspended sediment measurements at three sites with similar current velocity,
water depth, sediment type, and dredge production rate as at the Boston Harbor
project. Dredging release rates were predicted once the suspended sediment
concentration was determined through the use of a two-dimensional, vertically
averaged analytical model of the. spread and deposition of a suspended .sediment
plume (Palermo 1990), given as

. .

Q [ -C(x,y) = • exp _ Uy _
2HV.x ' V"x .

-where:
C = depth-averaged plume concentration at x and y
Q s = sediment release rate (kgjs)
H = depth. (m)
Vs = dispersion velocity (m/s) -
x,y = distance from. the dredge point in the downstream and cross-stream

directions (m)
U = depth-averaged current speed in the x direction (m/s)
P = depositional probability
Ws = settling velocity (m/s)

Eq. 1 was rearranged to solve for Qs' the sedime~t release, which was given
-as a function o! the suspended sediment concentration along the plu_me centerline
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(y = 0). The dispersion velocity was assumed to be 15 percent of the depth
averaged current speed. Current speeds were taken from previous measurements
at sites near the tunnel crossing (U = 0.29 m/s) (FHWA/MADPW 1990). The'
depositional probability term accounts for mixtures of materials in the sediments.
In this case it was assumed that the coarse grained materials (10 percent of the
total) would settle very near the dredge plant, thus the depositional probability was
assumed to be 0.9. The' settling velocity was assumed to be 2.5x10-4 m/s.
Uniformly decreasing rates of sedimentation, or triangular deposition, was assumed

. over the tidal excursion to predict the spatial distribution of deposited sediments.

, Suspended sediment concentrations for dredge scenarios using silt curtains
were calculated' by assuming that a 30 foot curtain could be installed and would
be effective. Given the average depth of the project at 37 feet MLW, and a tidal
range of 9.5 feet, the average opening between the bed and the curtain would be
approximately 12 feet. With the silt curtain functioning correctly, the release of
suspended' sediments would occur only in the lower 12 feet water column.
Suspended sediment transport and deposition was therefore estimated using only
the near bottom measurements for suspended sediment and tidal excursion.
Conce~trations in the region below the curtain were assumed to be the same as
for the cases without silt curtains.

Predictions of enclosed bucket performance utilized the results of the St.
Johns test (Hayes 1984). The upper water column sLispended sediment
concentration for an open bucket was assumed to be reduced by 50 percent,. and
the lower water column suspended concentration was increased by 200, percent.
These values reflect the actual data presented for the completely enclosed bucket
case (Hayes 1984); they do not reflect the potential improvement in enclosed
bucket design that was the basis of a later assessment of enclosed buckets
(Hayes 1986). The data presented should therefore be considered a conservative
estimate of the suspended sediment conditions for an enclosed bucket.

. Predictions of totals metals'concentrations in the water column were based
on measured concentrations of these elements in sediments along the dredge
corridor (FHWA/MDPW 1990) (value used is an average of composite samples
8101 and 8102). The predicted value represents the total metal present in the
water column, including both the dissolved and particle-associated fractions. After
reviewing the sediment metals concentrations relative to corresponding water
quality criteria, three metals were chosen for consideration: copper, lead, and
mercury. While other contaminants are known to be present, exceedences of

. ambient water quality criteria for these three seem most likely~
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Boston Harbor Site Conditions

The Third Harbor Tunnel will be of immersed tube construction, placed
below a navigation channel in Boston's Inner Harbor. A trench will be blasted and
dredged into the underlying material which consists of surface organic silts and
underlying marine clay, glacial till, and bedrock (Figure 1). Resuspension is
considered here only for the organic silts and marine clay. A summary of the
geotechnical data on these two materials is provided below (Haley & Aldrich 1990).

• Surface Organic Silt. A wet, very soft, black organic silt layer (0.5 to
7.0 feet thick) with little fine sand (10 to 20 percent). Water content
is 90 to 110 percent, and the median grain diameter is less than 0.07
mm. Dredge volume is approximately 120,000 yd3

•

• Marine Clay. A subsurface sediment layer ranging in thickness from
zero to over 60 feet. The clay is a moist, very soft, gray clay and silt.
Water content is 35 to 45 percent with a median grain qiameter of
0.0010 to 0.0016 mm. Dredge volume is approximately 330,000 yd3

•

The area to be dredged is a tidally -dominated navigation channel subject to
reversing tides of moderate intensity (see Table 1 for project data). For the
purposes of the analysis it was assumed that the dredge completing the work
would be a clamshell dredge with an 18 yd3 bucket. The dredge was assumed to
work on a 6 day per week, 24 hour per day basis. Dredge production in the
organic silts and marine clay was assumed to be 810 yd3/hr and 75 percent
effective (18 hr/day) for a rate of 87,500yd3/wk. .

South
4'

55'

North

Silt~iiiiiiiiiiiiiiiiiiiiii~~5'
'30'

25'·

Figure 1. Typical Cross-Sections, Dredge Prism
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Review of Similar Dredging' Projects

• MilitarY Ocean Terminal, Sunny Point, North Carolina (MOTSU).

Evaluation of clamshell dredging and barge overflow was completed by the
Waterways Experiment Station; U.S. Corps of Engineers, for dredging in a tidally
influenced estuary (see Table 1 for project data) (Palermo 1990). The project was
completed in 'respol1se to concerns of state resource agencies about dredging
procedures and sediment resuspension. Estimated sediment release rate aver
aged 2.3 kg/so Depth-averaged suspended concentrations varied from 58 ppm
at 100 feet from the dredge to near background at 1000 feet from the dredge
(Figure 2).

• Thames River, Conn"ecticut

. The project was completed to compare spatial and temporal variability of
suspended sediment concentrations' due to storms and dredging activities in a
tidally" influenced river near long Island Sound (see Table 1 for project data)

.' (Sosnowski 1984). Depth-averaged suspended sediment concentrations varied'
from 60 to 20' ppm (Figure 2).

• 'Calumet Harbor, Illinois

A controlled study was' conducted to compare resuspension caused by
hopper, pipeline and clamshell dredges (Havis 1988). Time-averaged suspended
sediment concentrations were reported at' 25, 50, 75 and 100 percent of water

. depth. Isopleths of depth-averaged suspended sediment concentration were also
reported. The project site was a harbor on the shoreline of lake Michigan (see
Table 1 for project data). ' Measured depth-averaged suspended :sediment
concentrations varied from 98 to 10 ppm (Figure 2).

. Table 1. Site Conditions Summary, Clamshell Dredging Operations ,

, . Water Depth Deptti-Averaged
"Location (ft) Sediment Type Current (ft'sec·')

Boston Harbor, MA 37 silt,clay 1.0

Calumet Harbor, IL 40 sand,silt <1

MOTSU, NC 10 clay, traces of sand, 2.5

Th~mes R., CT . ,40 sand,silt " 1.3
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Figure 2. Measured Depth-Averaged Suspended Sediment Concentrations

RESULTS

Suspended Sediment Concentrations

For conventional open-bucket dredging, depth-averaged suspended
sediment concentrations were ·predicted to be approximately 72 ppm at 100·feet
from the dredge (Table 2). Concentrations were expected to· reach background:
levels of 15 ppm within 1000 feet of the dredge. Encl.osed bucket dredging was
predicted to reduce near- surface suspended sediment concentrations by
approximately 50 percent (Table 2) as compared with open-bucket dredging. Near
bottom suspended sediment concentrations, however, would be increased by as
much as 200 to 300 percent in the initial mixing zone (Hayes, 1984). Therefore,
while surface concentrations would be predicted to be reduced by enclosed bucket
dredges, Ipcally higher suspended sediment concentrations near the bottom would.·
be expected (Table 2).

Use of a silt curtain was also expected to change- the resuspended sediment
concentrations in the water column surrounding the dredge point Even when ~ilt -

. curtains are operating properly, turbid water would in general be released near the
bottom along the anchored position of the silt curtain. Near bottom sediment
concentrations using silt· curtains are therefore expected to be no lower, and
perhaps slightly higher than a corresponding case without silt curtains (curtains.
can agitate the bottom and increase current velocities). Upper water column and
depth-averaged suspended·· sediment concentrations, however,· would be
decreased: .

1

l

1

1
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Table 2. Third Harbor Tunnel Crossing, PrediCted Suspended Sediment
Concentrations During Dredging

. Use of an 'enclosed bucket could re<;tuce suspended,sediment in the upper
water column. However, it could increase suspended sediment near the bed.
Average sediment release rate with an enclosed bucket was estimated to be 3.35
k9/s; To~al sediment lost is estimated at 9,050 yd3 in situ, approximately 2.0

, percent ofthe total dredged., Because of the'increase in suspended sediment near
the bottom' for this scenario, the predicted release rate i~ actually almost 50
percent higher (2.0 vs. 1.4 percent) than the open bucket case.

Average sedirnent release rate with a standard open bucket was calculated
to be 8.3 yd3/hr for each day of dredging. Using a reported sediment weight in
situ. at 80 Ib/ff, this release rate is equivalent to 2.26 kg/so Using the time of
dredging based on production rates of 810 yd3/hr, this is equival,ent"to 6100 yd3

.

of in situ sediment lost during the project, or approximately 1.4 percent of the total
volume dredged. This.compares favorably with Tavolaro's findings that dredge
material loss approaches 1.2 percent for. conventional .clamshell dredging
operations without .scow.overflow (Tavolaro 1984).

A' silt curtain used under efficient conditions of current and depth would
reduce the downstream sediment release rate. Average' sediment release rate
beyond the limit of the silt curtain with a stan,dard' open bucket was calculated to
be 0.93 kg/so Total sediment lost beyond the silt curtain was estimated to be 2510
yd3 in situ,.' or approximately 0.5 percent of the total voiume dredged, a release
rate corresponding to,a 60 percent reduction in the amount of sediment released., ,

15

25

1000

33

11

22

500

·58

Distance from Dredge (ft)

72

110

100

Sediment Release Rates

Dredge Scenario

. Vertically Averaged Concentration, Open
Bucket- without silt curtains (ppm)

Near Bottom Concentration, Open Bucket
without silt curtains (ppm)

Upper Water Co'lumn Concentration, Enclosed
Bucket without silt curtains (ppm)

Lower Water Column Concentration, Enclosed
Bucketwithout silt curtains (ppm)
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It should be noted that all values calculated are based on no overflow from
the disposal scow during loading. Overflow at the barge can increase. the
suspended sediment release rate by as much as 100 percent. Studies on overflow
indicate that the 'elimination of overflow during barge loading has minimal impact
on production rate and cost to complete the project (Palermo 1990).

Sediment Deposition

Sediment deposition at 500 feet downstream from the trench was estimated
for an open bucket without silt curtains, an open bucket with silt curtains, and an
enclosed bucket without silt .curtains. The thickness of deposition represents a
post dredge condition immediately following the dredging activities. Thickness of
deposit represents a settled, wet sediment condition with high water content.
Deposition depths, taken as an average value at 500 feet from the dredge plant
were higher for marine clay deposition as compared with organic silt deposition
because of the higher volume of clay to be dredged (Figure 3). Silt curtain use
was predicted to produce a reduction in deposition of approximately 30 to 40'
percent as compared with the no silt curtain case (Figure 3). Closed bucket
dredging was predicted to result in deposition depths'approximately 50 pe~cent

higher than the corresponding open bucket case (Figure 3).

, Predicted Metals Concentration

Total metals concentrations were highest near the'bottom for the' closed
bucket case (Figure 4) and lowest for· the closed· bucket case near the surface.
The 'open ,bucket cases fall between these two extremes." Total copper'
concentrations were expected to be above water quality criteria at 100 feet and
approximately equal.to water quality criteria at 500 ,feet: ·Predicted lead
concentrations were always below the acute water quality criteria, and below the
chronic water quality criteria at' 500 feet and beyond (Figure 4). Predicted
concentrations for .mercury are also below the acute water quality criteria at all

. distances and below the chronic criteria at 500 feet and beyond (Figure 4). " It
should be noted that, these comparisons are based on predicted total
concentrations, rather than the concentration. of 'dissolved species. It is the
dissolved fraction, however, that is generally considered, to be bioavailable; As
each of these elements ·are highly particle reactive, concentrations of dissolved
species are expected to be much lower than the total concentrations.' , .

Effects on Winter Flounder' Spawning

Winter flounder are considered to be sensitive to dredging activities because
of their distinctive life history. Winter flounder spend their entire lives, from eggs
to adults, within a few feet of the bottom. Winter flounder eggs are demersal and
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Figure 4. Total Metals In Water ,Column. Maximum concentration at 500 feet,
from dredge normalized by depth~averagedconcentration for case
with an open bucket and no silt curtains.'

adhesive and are approximately 0.74 to 0.85 mm in diameter (Clayton'et al. 1978).
Obviously within the, dredge corridor spawning will not be possible but flounder
should aetivelyavoid ,this area. However, dredging might pose a particular
problem outside the dredge corridor if; 1) the sediment deposition"rate were
significantly higher than natural deposition rates, and 2) the total depth of
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, Figure 3. Maximum ~edirnent Deposition Depths at 500 Feet from Dredge

3.0

3,5 -------------------:-------...,

~
o
~...
E
~ 2.0
~

o·
()

, '0
Ql

~ 1.0
E...o
Z

I
I
I
I
I
I
I,
I
I
I
'I
I
I
'I
J
'I
I
I
a.



deposition expected during the incubation period were significantly more than the
egg diameter. Based on predicted deposition rates, dredging of the sLirface
organic layer, regardless of the dredging technique, should not pose a threat to
the winter flounder spawning (Figure 3). Enclosed bucket dredging of the marine
clay, however, could produce deposition sufficient to bury flounder eggs, but this
impact is unlikely. First, .the deposition amount'shown is for the life of the project.
Over the' few months that flounder eggs incubate, the deposition d~pth will be
significantly less. Secondly, enclosed clamshell dredging of the underlying marine
clay is not anticipated. . ,

DISCUSSION

Predicted suspended sediments were found to be significantly less than the
estimated suspended sediment concentrations predicted earlier (FHWA/MDPW
1990).'· Suspended sediment values from the earlier analysis are 340 ppm at 100
feet, 70 ppm at 500 feet, and 30 ppm at 1000 feet, as compared to 72, 22 and 15
for Boston Harbor, respectively. However, the differences between the empirical
values selected for this study and the values estimated earlier are reasonable. The
previous analysis may overestimate sediment transport because it used a disper
sion model developed by the Corps of Engineers for estimating turbidity generated
by open-water hydraulic pipeline dredge disposal operations (Schubel 1978). Pipe
line' discharge consists of a fully agitated siurry that is only 15 to 25 percent
sediment. The clamshell bucket creates turbidity without extensive hydralJlic mixing .
and is expected to result in reduced sediment release and transport. In addition,
the previous study used a .dredging rate that·should be considered a.theoretical
upper Ifmit, while this study used dredge production.rates ,more closely approxi-
mately actual working conditions. . . .,

Caution should be ex~rcised in reviewing the enclosed bucket option. The
analysis is dependent on a single study result that shows the turbiditY plume
created by an enclosed bucket will be significantly increased near bottom. The
closed bucket design used in this study did not allow for water flow through the
bucket during descent (Hayes 1984), a feature possessed by other closed bucket
designs (Kaneko 1984). Precise quantification of the potential reduction in
resuspension through the use of a closed bucket will require additional controlled
testing of suspended sediment concentrations around 'closed and open clamshell .-
dredging operations. .

Use of the silt curtain in this case appears to be of marginal benefit in terms
of total deposition on .the bed. Also, the depth and channel velocity in Boston's
Inner Harbor are not conducive to the use of a' silt curtain, and suggest that
feasibility of the curtain be tested with a pilot study. This study should include.a
detailed analysis 'of skirt length, flotation, and anchoring. Based on this review it
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seems likely that extraordinary efforts by the dredging contractor will be required
, to install, maintain and move the silt curtain during the dredging.
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PREDICTING MAINTENANCE DREDGING REQUIREMENTS
WITH NUMERICAL MODELS

By

Michael J'.' Trawle1, NolanK. Raphelt2 and Ronald R. Copeland j

Introduction

This paper discusses the application of. both one-dimensional
and two-dimensional sediment transport models to evaluate the
effectiveness of dike fieids in reducing maintenance dredging
requirements. The preliminary design of a 'dike field at Redeye
Crossing on the. lower Mississippi River, in the vicinity of Baton
Rouge, Louisiana, is discussed. The models applied are the one
dimensional model TABS-l and the dep~h-averaged two-dimensional
model TABS-2.

The purpose of the numerical model study was to test two··
primary design parameters of the proposed dike field at Redeye:
crossing. These parameters consisted of dike lengths and dike
heights. Other design parameters such as the overall upstream
and downstream extent of the dike field, dike orientation, and
dike spacing were determined'using empirical techniques not
discussed in this ·paper.,

Other components of the 'overall investigation at Redeye
Crossing, not discussed in this paper, include a moveable-bed
physical model for detailed'dike design and ship-and-tow - _
simulator stUdy to address issues of navigation safety.

The Study site

Redeye Crossing, shown in Figure 1, is located on the lower'
Mississippi River at River Mile 224 in 'the vicinity of Baton
Rouge, Louisiana. The existing condition, without benefit of any
training structures or constricting dikes, requires approximately,
3 million cubic yards of dredging annually to maintain the
40-ft~deep draft navigation channel through the crossing.

Typically, the stage at Redeye Crossing varies over a range
of about 30 ft during a water year. Average water velocities,in
the crossing range from about 3 fps during ,low' water to about
6 fps during the high water period. Without maintenance' ,
dredging, the controlling depths at the crossing would be less
than 30 ft,during low-water periods. -

The bed sediment at the crossing'is primarily sand -with a.
050 size of about 0.25 'mm. Inspection of fatho~etersurveys

1, 2, 3Hydraulics Laboratory, USAE ~;aterways Experiment Station,
Vicksburg, r-1S.
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taken'during the 1990 high-water period'showed that bed forms
consisting of sand waves with amplitudes on the order of 20 ft
and lengths of 200 to 400 ft existed in the crossing.-
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Figure 1. Location Map

TABS-l Modeling System

. The TABS-I: model used 'in this study was initially developed
by Mr. William A. Thomas at the US Army Engineer District, Little
Rock, in 1967. Further development at the US Army Engineer'
Hydrologic Engineering Center (HEC) by Mr. Thomas produced the
widely used HEC-6 generalized computer program for calculating
scour and deposition in rivers and reservoirs (HEC 1977).

'Additional modification and enhancement to the basic program by
Mr.' Thomas at the US Army Erigineer Waterways Experiment station
(WES) led to the TABS-1 program currently in use (Thomas 1980,
1982). The .program produces' a one-dimensional model that
simulates the response of the riverbed profile to sediment
inflow, bed material gradation, and hydraulic parameters. The
model simulates a series of steady-state discharge events and
their.effects on the sediment transport capacity at cross ,
sections and the resulting degradation or aggradation. The
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program calculates hydraulic parameters 'u.ing a standard-step
backwater method as~umingsubcritical flow.

TABS-2, ,Modeling System

TABS-2 is a collection of generalized computer programs and
utility, codes that 'form a numerical modeling system for studying
two-dimensional hydraulics and sediment transport, in rivers, ,
estuaries, ,and embayments. A detailed description, is given,by
Thomas and ': McAnally (1985). '

The hydrodynamics 'code, RMA-2V, solves 'the depth-integrated
equations of conservation of mass and momentum. Manning's' , ,
roughness coefficients are used in simulating boundary function.
Eddy viscosity coefficients are used in defining turbulent
exchange.

The sediment transport code, STUDH" is a--finite'-element
'solution, of' four major computations: the convective-diffusion
equation for suspended sediment concentrations: the bed-shear
stress determination,'with several ,equation options: the
volumetric calculations of bed source material: and finally, the'
calculations defining the bed model. '

The Redeye Crossing TABS''-:l Model,

Description

The TABS-1 numerical model used in the Redeye Crossing study
was originally developed 'to evaluate long term trends ,on the
lower Mississippi River between Venice, LA, (river mile 11) and
Tarbert Landing (river mile 306). That model was adjusted to
reproduce aggradation and degradation trends in the river ,between
1963 and 1975, as well as future trends. The same model was also,
used to test the effect of various flow diversion schemes on
dredging in the lower Mississippi River and~the stability of a
sediment sill designed to halt the advance of salt water
intrusion during drought conditions (Figure 1).

About 131 miles of the lower Mississippi River between
Donaldsonville (river mile 175) and Tarbert Landing (river mile
306) were investigated (FigUre 1). This study focused on ,
shoaling problems at Redeye Crossing in the vicinity of river
mile 223. The navigation channel in this reach is maintained at
a width of 500 ft and a depth'of 40 ftbelow LWRP: LWRP is at
el 3.5 NGVD. The purpose of the TABS-1 investigation was to
evaluate the' effect of flow constriction on dredging requirements
at Redeye Crossing.

Modifications to' the TABS-1 model were made for this study
to better simulate the dredging operation at Redeye crossing. In
the model, a dredging capacity is specified. Initiation of
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dredging operations is specified at a particular time during the
annual hydrograph. Dredging calculations begin at the downstream
control volume in the dredging reach, at the specified dredging
capacity, until the specified bed elevation is reached. If the
specified quantity of material is not removed during a computa
tional time step, then normal hydraulic and sediment calculations
are made for the subsequent time ~tep and dredging calculations
continue. Dredged material is returned to the water column in
the· downstream control volume. When specified.dredging has been
accomplished, calculations proceed to the next upstream control
volume and begin dredging at that section. In a like manner,
calculations proceed in an upstream direction through the
dredging reach. The advahtage of this new algorithm is that.
dredged material is returned to the river in a manner similar to
real-world operations and .dredge production rates can be
specified. .

The original lower Mississippi River numerical model was
revised to'address the shoaling problem at· Redeye Crossing•. The
downstream boundary was set at Donaldsonville at river mile 176,
which is the first stage-discharge. gage below Redeye Crossing
(Figure 1). Downstream water-surface elevations were based on an
average 1983 stage-discharge rate curve 'at Donaldsonville •.. The
upstream boundary remained at·Tarbert Landing, which is the
closest sediment gaging station to Redeye Crossing (Figure 1).
Sand inflow was determined from average sediment inflow rating
curves based on 1975-1989 sampled data at Tarbert Landing. Model
geometry was based on the 1975 hydrographic survey. Additional
cross sections were added to the model to provide increased
resolution in the vicinity of Redeye Crossing •. In the vicinity
of Redeye Crossing, geometry for the dredging prism was'
determined from the September 1988 post-dredging survey. The
model included three sand size classes from very-fine to medium.
sand. '.

Since the TABS-1 model is a one-dimensional model that uses
average cross-sectional hydraulic parameters, the effect of
localized velocity accelerations, secondary currents, and eddies
are unaccounted for. Lateral expansion and contraction of· flow .
between dikes are not calCUlated and must be accounted for by
geometric input, making the evaluation of dike fields difficult.
The approach taken in this application was to use a projection of
the dike field throughout the crossing. Effectively, this
assumes complete filling to the dike crest between dikes. More
detailed two-dimensional numerical and physical model studies are
required to properly ac:count for these effects.·Results of the .
one-dimensional numerical model should be considered approximate.

Hydrographs

Discharge hydrographs are simulated in the:numerical model
by a series of steady-state events. The duration of. each event
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is chosen such that changes in bed elevation, due to deposition
or scour, does not significantly change the hydraulic parameters
during that event. At relatively high discharges, durations need
to be short;, time intervals as low as 2 days were used in this
study. At low discharges, 'the time intervals may be extended.
Time intervals.up to 3f days were used in this study.

. .

A hydrog~aph simulated by~ series of steady-state events of
varying durations is called a histograph. The histographs used
in this study were based on mean-daily-flow measurements at
Tarbert Landing. Annual histographs were developed for the years
-1975-1989. These histographs were used· to obtain annual dredging
quantities for a range of hydrologic conditions. The 1979 and
1983 .hydrographs rep~esent high runoff years. The 1976, 1977,
and 1981,hydrographs represent low runoff years.

Results

The numerical model was used to calculate dredging
quantities between 1975 and 1989 at Redeye Crossing. In these
tests, the dredging prism was taken from a September 19.88 post
dredging survey. Dredging was simulated in the numerical model
on the recession limb of the annual hydrograph. A dredging
capacity of 40,000 cu yds per day was' used with two upstream
sweeps calculated each' year. Calculated quantities are not
directly comparable to reported quantities because the initial
bed geometry and the exact limits of· dredging are unknown. ~he.

purpose .of the comparison was to determine if calculated results
are reasonable. Calculated and reported results are compared'in
Figure 2. Total calculated dredging over the IS-year period is
withi~ '5 p~~centof reported dredging volumes.

The numerical model was then used to evaluate the effect of
flow constriction on dredging requirements in Redeye crossing.
The 1975-1989 hydrograph was used in the evaluation. The same
dredging schedule used in the verification effort discussed ,above
was used in the plan evaluation testing.,

Although a number of dike plans were tested with the TABS-1
approach, this paper presents only the results of one plan,
(referred to as Plan 1) to demonstrate the technique. Plan 1
consisted of submerged dikes alternating on both the right and
left descending banks as shown in Figure 3. The tops of these
dikes were at el -12 ft NGVD (or at about el -15 ft LWRP). This
,plan was successful in reducing total dredging in the crossing by
about 73 percent. However, dredging was still required during
high flow years. Yearly, dredging volumes for Plan'1 'from 1975 to
1989, compared to existing condition volumes, are shown in
Figure 4.
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The reach of the Mississippi River modeled, shown on
Figure 5, extends from River Mile 228 downstream to River Mile
206, representing a distance of 22 miles. _ The numerical model
grid consisted of 2730 elements and 8114 nodes.

The primary parameters required by RMA-2V as model input
were Manning I, s n values 'and turbulent exchange coefficients.
Within the study reach, Manning's n values ranged from 0.016 in
the main channel to 0.10 on the dikes. The turbulent exchange
coefficient'used was 80 Ib-sec/ft.

The primary input parameters required by STUDH were
dispersion coefficients, effective particle diameter for
transport, effective settling velocity, and Manning's n for bed
shear stress. Within the study reach, -dispers~on,coefficients
ranged from 5 to 15 m2/sec; the effective settling velocity was
.03m/sec; the particle diameter for transport was 0.25 mm; and
Manning's n values for bed shear stress were the same as used in
the hydrodynamic code.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
1..'



SATON ROUGE. lOUJStANA

Figure 5. TABS-2 Model Grid

Boundary information required by RMA-2V included water
discharge at the upstream boundary and water-surface elevation
(stage) at the downstream boundary. Boundary information. .
required by STUDH was suspended sediment concentration at the
upstream end of the model. The computational time steps used for
RMA2-V and STUDH were 6 hours and 15 minutes, respectively.

Hydrographs

Dynamic simulations using representative annual flow and
suspended sediment concentration hydrographs were required to
evaluate dike field effectiveness •. The approach taken was to run.
2 years with the selected hydrographsfor base and plan
conditions. A long-term average' hydrograph, referred to as the
43-year average annual hydrograph, was selected to conduct
comparison testing. The suspended sediment concentration
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hydrograph was generated from results developed by the existing
one-dimensional long-term-trend sediment transport model (TABS-l)
discussed above. These flow and suspended sediment concentration
hydrographs are shown on Figure 6.
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Figure 6. Flow and Suspended Sediment Concentration Hydrographs

As can be seen from Figure 6, there· are 12 steps in the flow
and suspended sediment concentration hydrographs. At the end of
each step, the model bed was updated to reflect be4 change which
occurred during that step of the hydrograph. With the TABS-2
system, that update is done manually since the hydrodynamic code
(RMA2-V) and the sediment transport code (STUDH) are uncoupled.

For the existing condition at the end of the first year, the
deposition in the crossing resulted in bed geometry as shown in
Figure 7. ' An average of about 8 ft of deposition occurred within
the crossing, channel. To complete the test, the channel was then
redredged and the simulation continued for a second year. Over
all model results were in agreement with observed behavior at
Redeye Crossing.

Although a number of dike plans were tested, this paper
presents only the results of one plan, referred to as Plan 5, to
demonstrate the technique. Plan 5 layout. is shown in Figure 8.
Dike crest elevations were set at 0 NGVD, which means that the
dikes were submerged about 4 ft during the lowest flow rate
(190,000 cfs) and about 26 ft during the highest flow rate
(755,000 cfs) tested. Figure 9 sho~s bed geometry after one
year. As can be seen by comparison with the existing condition
bed (Figure 7), the dike field did cause the crossing to maintain
greater depths, which would significantly reduce maintenance
dredging requirements. For the example given, the reduction in
required maintenance dredging was approximately 90 percent.
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Figure 9. Plan 5 Bed Geometry After One Year"
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The TABS-l results indicate that dredging requirements can.
be significantly reduced in Redeye crossing by constricting the
flow with a dike field. The dike fields tested did' not eliminate
the need for dredging during the high flow years. Also the dike.
plans tested introduced significant general scour in the crossing
at high flow. Additional local scour (not simulated in the one
dimensionai model) would occur at the dike toes. Questions
related to dike spacing and alignment are influenced by two- and
three-dimensional flow phenomena and require more extensive
numerical~and physical modelling studies.

Because of TABS-l computational efficiency, that model
achieved 15~year-long simulations with little difficulty.
However, the TABS-2 model was limited to 2-year-long simUlations,
achieved with great difficulty using a supercomputer.

Summary

Both one-dimensional (TABS-l) and two-dimensional (TABS-2)-
numerical sediment transport models have been applied at the'
Redeye Crossing reach on the lower Mississippi River to estimate
the reduction in maintenance dredging requirements resulting from
the construction of training dikes in the crossing. The results
presented in this paper indicate that numerical sediment .
transport models can be used effectively to predict maintenance'
dredging requirements. resulting from navigation project .design
changes.

I.
I
I
I
I
I.
I
I
'1
I
I
I
I
I
I
I
I
I
Il.



The TABS-2 model provided insight into shoaling patterns
within the crossing not available from the TABS-1 approach.

Bedforms are not predicted by either the TABS-lor TABS-2
systems. Predicted deposition is a "mean bed" representation.
If large amplitude bedforms 'exist, this factor limits either the
model's ability to ~re~ict when ~he loss of project depth for
navigation occurs. At Redeye crossing, the large amplitude sand
waves intrude into the navigation channel prism long before any

_intrusion in a, "mean ,bed" sense. -. -'."

The TABS-2 model was successfully used to evaluate design
features of dike' lengths ,and heights at the Redeye crossing reach
on the lower Mississippi River. However, the application
revealed deficiencies 'in the TABS~2 system for mUlti-year,
riverine simulations.- Further development 'of TABS-2 is needed to
enhance its applicability to this type of investigation.
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El\YIR01\~1ENTAL EFFECTS OF DREDGED l\:1ATERIAL DISPOSAL 

EPA CONCERNS AND',REG"GLATIONS

by

Craig Vogtl and Brian .\Valls2

ABsTRAcr

Disposal of dredged material in marine waters is rapidly becoming one of the more significant environmental
issues. As ocean dumping of industrial, wastes has stopped and dumping of sewage sludge is being phased
out, the focus of concerned citizens, public interest groups, the media, and legislative bodies is tUrning to
ocean disposal of dredged material. , Although concerns over potential adverse impacts of ocean disposal of
dredged material axe ,increasing, the need for ocean disposal may also grow.

'This paper discusses the potential impact on the marine environment associated with dredged-material
disposal. ' Special attention is given to concerns voiced regarding ocean disposal of contaminated sediments.
Physical, ecological, and, socioeconomic impacts axe examined. The Environmental Protection AgencY's role
and future fOcus in ensuring that dredged-material disposal is accomplished without unacceptable impact
upon the marine environment are highlighted.

INTRODUCTION

Dredging techniques have been employed for centuries. Only in the last two or three
decades, however, have environment~:l1 concerns Tegarding. dredging and disposal of the
dredged material received much attention., The Marine Protection, Research; and
Sanctuaries Act of 1972 (MPRSA) was enacted to regulate transportation and dumping
of all materials, including dredged sediments, into ocean waters. The purpose of the
Act is to "prevent or strictly limit the dumping in ocean waters of any material which
would adversely affect human' health, welfare, or amenities, or, the marine environment,
ecological systems or economic potentialities" (MPRSA).

Ocean disposal of radiological, chemical, and biological warfare agents, high-level
radioactive wastes, and medical wastes was prohibited outright by the MPRSA In
1988, Congress amended the Act to further limit ocean dumping; after December 31,
1991, "it shall be unlawful for any person to dump into ocean waters, or to transport
for the purposes of dumping into ocean waters, sewage sludge or industrial wastes"
(MPRSA). The only substantive dumping remaining, albeit strictly regulated, is ocean
disposal of dredged material. As ocean dumping of industrial waste has stopped and
dumping of sewage sludge is being phased out, the focus of concerned citizens, public
interest groups, the media, and legislative bodies is turning to ocean ,disposal of
dredged material. Concerns ,are particularly focused on potential ocean, disposal of
contaminated sediments.

The objective of this paper' is to provide, an overview of ocean dredged-material
disposal and the role of the Environmental Protection Agency (EPA) in managing the
ocean dredged-material disposal program. The impact of dredged-material disposal on

;Environmental Protection Agency, Washington, DC.
Battelle Ocean Sciences, Duxbury, MA. 71



. the marine environment is examined and the function of dredged-material testing in
limiting adverse impact is clarified.

MANAGING OCEAN DISPOSAL OF DREDGED MATERIAL

Under the MPRSA, the EPA is assigned primary responsibility -for regulating and
managing ocean disposal of most materials. For dredged material, EPA and the
United States Army Corps of Engineers (USACE) share regulatory and management
responsibilities. EPA, in consultation with the USACE with respect to dredged
material, has promulgated the Ocean Dumping Regulations (40 CFR 220-228) and has
established criteria for selecting and evaluating ocean disposal sites and for evaluating
the suitability of dredged material for ocean disposal. EPA's management responsibili
ties for dredged-material disposal include site designation, review of dredged-material
permits before they are issued by the USACE, monitoring of ocean dredged-material
disposal sites,· and enforcement of the MPRSA The USACE is responsible for issuing
permits, subject to EPA review, for dredged-material disposal and for monitoring of
dredged-material disposal sites. In the issuance of permits, the USACE determines the
need for ocean disposal and the environmental acceptability of the proposed dumping
based on the EPA criteria.

The goal of EPA and the USACE is to permit necessary oCean disposal of dredged
sediments· while protecting human health and the marine environment. Through
careful selection of ocean dredged-material disposal sites and conscientious evaluation
of dredged material to exclude prohibited substances, the adverse impact of dredged
material disposal in the marine environmerit can be minimized.

The criteria for evaluating sediments proposed for ocean disposal are given in the
Ocean Dumping Regulations (40 CPR 220-228). The regulations set specific environ
mental impact prohibitions, limits,· and conditions for disposal of dredged material into
ocean waters. Procedural guidance, consistent with the regulations, is provided in the
manual entitled Evaluation of Dredged Material Proposed for Ocean Disposal- Testing
Manual (EPNUSACE, 1991), commonly referred to as the "Green Book."

The purpose of the prohibitions, limits, and conditions given in the regulations is to
prevent the ocean disposal of dredged material that is likely to produce significant
contaminant-caused adverse impact on the marine environment arid/or threat to human
health. The regulations provide that, if the proposed dredged material satisfies the
applicable prohibitions, limits, and conditions, ocean disposal of the dredged material
will not unduly degrade or endanger human health or the marine environment. If tests
on the proposed dredged material show that the sediments meet the chemical- and
biological-effects criteria and other requirements stipulated in the regulations, then
contaminant-caused, adverse impact to the marine environment and/or threat to human
health resulting from disposal of the dredged material at a designated site will not be
significant. Alternatively, if the tests show that the proposed dredged material does not
meet the criteria set forth in the regulations, it is predicted that significant adverse
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impact -to the marine ecosystem and to human-health may occur and ocean disposal of
the proposed dredged material is not supported. '

Careful selection of ocean dredged-material disposal sites is also required' to avoid
and/or minimize significant adverse impact to both human health and the marine',
-environment. The criteria for selection of dredged-material disposal sites are focused 
to minimize interference- of dredged-material disposal with other uses of the marine
environment. Specifically, sites are selected to avoid direct adverse impact on beaches,
shoreliries, marine sanctuaries, and geographically limited' fisheries and shellfisheries.
Sites are selected to minimize interference of disposal activities with existing fisheries
o~ shellfisheries, and regions of heavy commercial or recreational navigation.,

The, poteptial' impact of dredged-material disposal and the interference dredged
material disposal may have with alternate uses of the marine environment are pres- _
ented in the following sections. '

PHYSICAL IMPACf

The ,physical, fate of dredged material' and the physical impact of dredged:'material
disposal are generally well understood and predictable. ,Parameters important for
predicting fate and impact include ' "

• Dredged materialch~mlcteristics,(grain size, density, cohesiveness)
- ,. '_ Dredging and tran'sPortation equipment ' _

• _Disposal site cOnditions (water depth, currents, wave height and period, storm
-events, and temperature and/or salinity gradients

• , Biologi~al actiVity; -

Upon release, frbm the disposai vessel at an ocean dredged ,mat~rial disposal site"the
bulk of the dredged mate'rial descends 'toward, the bottom' at a'rate of about 1 mls.
The momentum of the dredged material cOnveys finer-grained and lower-density
sediments downward and the' descending mass or cloud of dredged material entrains

,water. as it falls. As the mass' of dredged material impacts the bottom, some of the
downward momentum is translated to horizontal spreading. The largest particles of the
dredged material (gravel,sand, -and mud or clay clasts) impact_ and settle in a narrowly
defined :central' mound. ,Unconsolidated, finer-grained dredged material can spread
horizontally away from the point of impact and form a layer of "fluid mud" (Holliday,
1978). Unless 'the sites are very deep or-the currents are unusually strong, 95% to 99%

- of the dredged "material will be deposited initially in the mound (EPA, "1989). The
remaining 1% to 5% of the released, sediment remains suspended in the water column
as a plu~e of slowly descending particles. At ocean sites with strong currents and/or
extreme depths, lateral movement of the fine-grained or lower-density fractions of the
dredged material can be significant. ' In such cases, the deposited dredged material may
be skewed in the direction of the currents or distributed widely over the bottom with
out any significant buildup, (United States Congress, 1987).
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The small amount of dredged material that remains suspended in the water· column at
the typical dredged-material disposal site will usually disperse· rapidly and ultimately .
settle. over a wide area. At the deeper sites, enough water· may be entrained at the
interface with the descending dredged-material cloud that much of the dredged·
material and water approach neutral buoyancy and remain suspended in the water
column for a long period of time. .

Resuspension 'and t"ransport of deposited sediments at a dredged-material disposal site
are determined by bottom currents; deposited-sediment grain size, cohesiveness, and.
density; and bioturbation; . Generally, the sediments found in ·the vicinity of the
disposal site may best indicate whether resuspension will be significa~t. SandY.bottoms
are usually indicative of higher-energy regimes where unconsolidated fine-grained

.material is readily resuspended and moved out of the area. Fine-grained bottom
regimes ~ay indicate a. depositional environment.

ECOLOGICAL IMPACf

Within disposal sites, dredged material disposal affects mostly the benthos ....; that is,
organisms that live on, near, or in the bottom sediment. Both epifauna (benthic
organisms living on the bottom) and infauna (benthic organisins that·burrow· into· the
bottom sediment) inhabiting' shallow or middepth sites may be buried by dredged
sediment in some parts of the site as disposal co~tinue·s. However, faunal recoloniza
tion of the site and reemergence of buried infaunal organisms at the perimeter of the
disposal mound usually begins very shortly after disposal of the dredged material is
terminated. Initially, recolonization is led by a· few oPPD.rtunistic pioneer species and
population densities of the opportunistic species can be significantly higher· than the
population densities in the. surrounding climax communities. If the. dredged material is
similar to sediment ar<:>Und the disposal site, the benthic' coII?-munity in the disposal site
.may eventually regain the density and diversity of the surrOl.ipding communitY.· At ·sites
where disposal is episodic, or. where the .deposited dredged material differs markedly
from surrounding sediments, pioneering species may remain dominant over a long
period of time. . .. . '.

Demersal, or bottom dwelling, species are the next most .likely_ to be ·impacted by ocean'
dredged-material disposal. Most demersal finfish are motile enough to escape the ini
tial physical impact of dredged. material disposal. Subsequent to the. disposal; foragmg
finfish may be attracted to disposal sites because· the pioneer benthic species that
initially recolonize the site can be a rich source of food: Many crustacea (such as .crabs
and lobsters) are able to resurface after partial burial by fluid depcisits of dredged·
material on mound flanks. But, as with finfish, crustaceans may be attracted to the .
food sources of a disposal site. Additionally, the irregular topography of the disposal
mound may provide refuge for large organisms, such· a -lobsters... .

Pelagic fishes in the .water column are not impacted significantly by dredged material
disposal as they are able to avoid disposal plumes and are not influenced by changes in

74



I
I
I
I
I
I
I
I
I
I
I
I

·1
I
I
I
I
I
II.

the benthic environment at the disposal site.. Similarly, anadromous fishes, such as
salmon, and marine mammals are also unlikely to be impacted by dredged material
disposal. However, less motile organisms in the -water column of dredged material
disposal site, such as plankton, may be impacted by sediment plumes. The impact of
the temporary suspended-sediment' plumes resulting from dredged material disposal
will largely depend on the tolerance of pelagic organisms in the disposal_ site to
naturally occurring fluctuations in suspended sediment load.

As stated above, the purpose of the prohibitions, limits, and conditions set forth in the
regulations is - to prevent the ocean disposal of dredged material that is likely to
produce significant contaminant-caused adverse impact on the marine environment.
Without the prohibitions, limits,- and conditions, ecological impact greater than that'
described above would be probable. In the benthic community, organisms that would
have survived the disposal of uncontaminated dredged material, may' experience
increased mortality or reduced growth and fecundity. Recolonization of the disposal
site with contaminated sediment might be severely limited. The pioneering species
might not be such a rich source of food to demersal species and the benthic species
may bioaccumulate and transfer the contaminants into the marine food chain. ,Within
the demersal community, adverse impact is likely to be severest on species ,that inhabit
the disposal site' for all, or significant portions, of their life cycle. Contaminant
associated adverse' impact might range from increased mortality' to reduced growth, 
depressed reproductive success, or other adverse chronic effects. Bioaccumulationof
contaminants might reach significant levels in several commercially important demersal
species.' Less mobile and/or highly sensitive pelagic species might also be impacted
significantly. .

The 'evaluation of dredged material proposed for ocean dispOsa~ as r,equi~ed by the
Ocean Dumping Regulations is based on biological-effects testing. Acute toxicity and
bioaccumulation potential of the dredged material are determined 'using sensitive
marine organisms representative. of those species most likely 'to be impacted by ..
dredged material disposal. The limiting permissible concentration (LPC) ,of contami;-:
nants in the dredged material is that concentration" after allowance for initial mixing,
that will not cauSe unreasonable toxicity or bioaccumulation.. Because permits for the -
disposal of dredged material with contaminants exceeding the LPC are not approved,
contaminant caused impact as outlined abOve is very unlikely.

HUMAN HEALlH IMPACf

The mapagement emphasis of EPA is to prohibit disposal of dredged material ,that
does not meet the prote,ctive prohibitions, limits, and conditions that are set forth in
the regulations. BioacCumulation of contaminants in the' food chain is the primary
mechanism whereby ocean disposal of dredged material could potentially impact
human he,alth. -Two types of contaminants -Common,_ to dredged material, metais and
sYntiietic organic ,chemicals, can potentially cause effects,on human health. ,Metals' are
usually bOund tightly to sediment particles and are not readily bioavailable. With the
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exception of mercury, bioaccumulation and biomagnification of metals -in the marine
food chain has not been observed (EPA, 1989). The thousands of synthetic organic
chemicals in use are potentially- more problematic. Unlike metals, many organic
compounds may undergo changes in the marine environment and only a small fraction
of organic chemicals have been evaluated for actions in and effects on the marine
ecosystem. Chlorinated pesticides (such as DDT), PCBs, and PAHs are known to
biomagnify in the marine food chain. These contaminants. have been found in seafood
in concentrations exceeding the safe levels established by the Food and Drug Adminis
tration (FDA).

Before dredged material permits are issued, both EPA and the USACE evaluate the
bioaccumulation potential of contaminants in dredged material proposed. for ocean
disposal. If contaminants in the dredged material exceed the limiting permissible
concentration (LPC) for bioaccumulation, the permit is not issued.

SOCIOECONOMIC IMPACf

More than ecologic~l impact on fish species in the disposal site environs, interference
with commercial fishing tends to be the issue that most influences site selection and site
designation. Impact to the fish and shellfish in a disposal site environment resulting
from disposal of dredged material that has been tested andfQund to meet. the LPC for

-ocean disposal, 'may range from slightly adverse for some species to beneficial for other
species. While dredged material disIXJsal may actually enhance some fisheries, the
dredged material disposal operations, site designation and monitoring operations, and
the dredged material mound may inhibit specific harvesting methods employed by
some fishermen. _Usually, fishermen adapt and employ various gear types to harvest
any enhanced fishery associated with the disposal site. -.

It is the fishing 'methods associated with harvesting bottom dwelling fish, as well as
shellfish, that' are -most impacted by dredged material disposal. Much of the benefit of
attracting demersal, fish ,or shellfish to' the disposal site may be lost to cOmmercial
fishermen because of the disposal sites bottom characteristics, disposal and monitoring
activities, and conflicting or incompatible fishing methods. However, if the mound of
dredged material is confined to a liniited site and geographically limited fisheries, are
not impacted, total impact on the commercial fishermen is likely to be negligible.

Because of fishing methods employed, recreational fishing is' not typically impacted
adversely by dredged-material disposal or disposal site operations. The increased
productivity of the site may even attract recreational fishermen. However, towed
dredged-material disposal barges are not highly maneuverable, and present sOme
hazard to recreational ~d commercial fishing vessels ,and to other s~ip traffic. -

Sand -mining or mineral extraction from the ocean bottom are activities that could be
-significantly impeded by disposal of dredged -material. Other commercial and recre
ational uses of the ocean, such as oil drilling or recreation' boating, are less likely to be
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adversely impacted by dredged material disIXJsal. .The object in selecting and designa
tion ocean dredged-material disIXJsal sites is to choose a site to minimize the impact on
fisheries and other uses of the marine environment. ' .

CONTAMINATED SEDIMENTS

Contaminati~n of dredged material by anthroIXJgenic comIXJunds is typicaliy greatest in
or close to harbors or estuarine regions. These are typically areas that receive up~

stream sediments carrying contaminants from municipal and industrial discharges and
from nonIXJint sources. Many alternatives for dredging and disposal of these contami~

nated sediments, including the no-dredging alternative, may have serious adverse'
.impact on both terrestrial and aquatic ecosystems. Dredging and disposal of contami
nated sediments is best accOmplished in a way that allows management and monitoring
to prevent leakage of contaminants into the environment. Current options for the
disposal of contaminated dredged' materials may include uplan~ sites, containment
islands, and burial or capping at aquatic sites. .

Upland disposal of contaminated dredged material presents greater advantages and
disadvantages than do aquatic alternatives. Upland disposal sites are easily monitored
and management responses to problems that may occur are relatively easy. However,
contaminants adsorbed to sediment particles in the marine environment may become
mobile and/or unstable in the upland environment. Unoxidized conditions can change
to oxidizing, the pH can be lowered significantly by oxidizing sulfides,' and subsequent
releases of previously bound metals or other contaminants can pollute groundwater or
adversely impact surface waters as runoff. Additionally, when compared to alternatives,
costs of disposal at an upland site may be very high because of increasing prices of
coastal lands and special management efforts.

Release of pollutants into the water column is unlikely from containment islands
when the sediment remains' wet and anoxic. However, the requisite filling of relatively.
shallow waters in embayments and estuaries to construct containment islands is often
quite controversial. Construction and maintenance of containment islands offshore is
not feasible.

Burial or capping of contaminated sediments in the aquatic environment involves
covering of contaminated sediments with a layer of clean sediment. to isolate the
contaminants from the marine environment. Burial involves deposition of contami
nated sediments in natural or man-made depressions before covering to provide a
higher degree of containment. Capping or burial provide a relatively inexpensive .
containment method and maintains the contaminants in a largely anoxic, reduced fOrID,
preventing the release of contaminants to the water column. Precise placement of
capping material, cap stability, and the length of time that contaminated dredged
material remains uncapped are important concerns. Cap placement and stability have

. been rather successful in. water depths up to 30 m. However, stability of capping
material in shallow waters where waves can affect bottom currents is uncertain. When
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water depths exceed 30 m, the dredged material may spread over too large an area to
cap efficiently. '

While capping of contaminated dredged material holds promise, capping may not play
a significant role in the ocean disposal of dredged material. Relatively shallow, low
energy sites suitable for capping of contaminated sediments may not be -available in
many offshore areas. Depositional areas within bays, sounds, and estuaries may be
more appropriate for capping or subaqueous placement of Contaminated sediments. If
an ocean site is required for capping or subaqueous placement of dredged material, the
prohibitions, limits, and cOnditions of the ,regulations are' still applicable. However, if
the permit applicant can demonstrate that the contaminated dredged material would be

,rapidly rendered harmless by physical, chemical, or biological processes, induding
capping of the dredged material, disposal of the dredged material may be considered.
Capping operations are only approved if no significant adverse impact to the marine
environment or to ,human health will occur.

'ADDmONAL MANAGEMENT ISSUES

In addition to selecting and designating ocean disposal sites that minimize interference
with other uses of the ocean and reviewing permits to restrict disposal of sediments not
meeting the prohibitions, limits, and conditions specified in the regulations, EPA has
diverSe management responsibilities pertaining to ocean disposal of dredged material.
Because EPA is responsible for selecting and designating ocean dredged material
disposal sites and for reviewing permits for dredged material disposal before they are
issued by the USACE, EPA shares accountability for management of the dredged
material disPosal sites. Regulating rates and tIming of disposal and monitoring of
disposal sites are management activities crucial in minimizing the impact of dredged
material disposal.

Although dredged material is carefully evaluated to prohibit ocean disposal of sedi
ments likely to adversely impact the marine environment and sites are selected to
minimize adverse impact, monitoring of dredged material disposal sites is necessary.
The management tools for protecting the marine environment and human health that
have been described above are predictive. Monitoring is needed to assure evaluation
of the dredged material and siting decisions were correct. If disposal-site monitoring
reveals problems, the permit conditions should be modified. '

FUIURE mENDS

Alternatives to ocean disposal of dredged material are expected to be further limited in
the future. Consequently, in coastal areas, need, for '''ocean disposal may ,actually
increase. Long-term management strategies must be developed for dredged material
disposal on a regional basis. Designation of new sites can often require several years
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or more. Beneficial uses of the dredged material need to be considered.. Aithough
dredged material has historically been used for fill and creation of levees, other·
beneficial uses of the dredged material are possible. While EPA, the USACE, and
state and local officials often support using dredged material for beneficial uses, the
disposal option selected is usually based on environmental acceptability and lowest
costs. Beneficial uses may result in higher initial costs and bearing these costs becOmes
an important issue. .

The regulations and criteria for ocea~ disposal of dredged material a~e .effectual in
protecting the marine environment and human health. However, concerns have been
raised that the restrictions on ocean disposal may actually. result in more dumping of
dredged materials in highly productive -estuaririe and inland waters regulated under
Section 404 of the Clean Water Act.·· In the Juture, more rigorous comparison of
environmental impact and human· health consequences of all aquatic disposal alterna
tives may be warranted.

The procedures _for evaluating dredged material proposed for ocean disposal are.
lengthy and costly. However, the procedures are effective and are the best regulatory
tool currently available at this time for preventing -disposal of unsuitable dredged
material. EPA and the USACE continue to examine alternatives and supplemental
tests for determining the suitability of dredged material· for ocean disposal. When
more efficient and cost effective tools are developed, they will be adopted for use. .

SUMMARY

EPA and USACE management of ocean disposal of dredged material allows continued
use of ocean sites while ·protecting the marine ecosystems and human health. Careful
selection of appropriate dredged material· disposal sites and thorough evaluation of
dredged material proposed for ocean disposal are essential elements of the manage
ment program.
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NAVIGATION & SURVEYING SYSTEMS
RELATED TO DREDGING & MARINE CONSTRUCTION

by

Ai P. Rougeau 1

ABSTRACT

Hydrographic surveying technology and equipment have advanced through
a series of quantum steps during the past generation~ The days of
sextants, right-angle mirrors, tag and lead lines havef~ded and
disappeared,. as the electronic dep'th sounding and horizontal p'ositioning
equipment developed during World. War II was placed into use in the public
work field during the latter portion of the 1940's.

Today, electronic depth sounding and horizontal positioning equipment
is in extensive use on an. international basis. As has been the case for
many' years, ther.e are continuing efforts to improve the accuracy ·and
reliability of the electronic depth and positioning systems. Although we

. have exploited the capabilities of the existing electronic equipment and
procedures, there is a' need to focus attention on new and advanced
technology. The purpose of this paper is to address innovative equipment
and procedures'.

The paper will include a discussion of a Differential Global
Positioning (DGPS) satellite based system which provides high resolution

. horizontal positioning accuracy suitable for surveying. a~d dredging
operations. The system is operational today and is accessible to marine
craft and management personnel from any location within North Americ::a.
Through. the use of the. system, the time-consuming and costly tas.k of
erecting large antennas and constantlr moving portable stations from one
geographic location to another is eliminated.,

Also included in the paper is a discussion of a catamaran vessel
designed and equipped to utilize the system. The vessel will also include
an electronic sounding system capable of providing depth profiles.over the
entire widths of the navigation channels. The integrated system is
installed on the shallow draft catamaran, which will provide a stable
platform in open water areas. It is well suited for all types of inland
and coastal surveys including pre and post dredging surveys. Longitudinal
and cross section lines, revetment, harbor, acoustic coring, pipeline
routes, hazards and sub-bottom surveys are also within the capability of
the new system. . '.

In addition, the paper will include a description of a unique 'system
developed by John E. Chance & Associates, Inc. of Lafayette, Louisiana
called HI-MAP which is capable of simultaneously collecting hydrographic
and bathymetric data to produce depth profiles, sub-bottom records, swath
sounding contours, bottom density profiles and side-scan information along
with bottom material identification, the location and extent of magnetic
anomalies. Data acquisition and data processing are accomplished by using

lSystems Engineer/Bathymetry, John E. Chance & Associates, Inc.;
Lafayette, LA.
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the new equip~ent and methods in a fraction of the time required by
traditional survey methods and equipment.

INTRODUCTION

In recent years, there have been several innovations in survey
equipment that will add new dimension and scope to the quality of hydro
surveys. We are approaching a time when the standard microwave
positioning and single transducer echosounder configurations will be
repla'ced by satellite receivers and multi-channel echosounders.' The best
of these technologies and how to best apply them has been,the subject of
a study undertaken by Chance and Associates in early '1990.

The project was given the name HI-MAP (Hydrographic Inland Marine
Acoustic Platform) with the purpose of combining the latest in positioning
and bathymetry technologies into one, multi-discipline hydrographic survey
sys~em. The tradeoffs and special considerations necessary t6 arrive at
the final equipment configuration are presented below grouped into two
categories -- positioning and bathymetry.'

POSITIONING

Global Positioning System (GP~)

NAVSTAR GPS is an acronym for NAVIGATION Satellite Timing And Ranging
,- Global, Positioning System. More commonly referred' to as "GPS", this
u. S. Department of Defense satellite based posItioning system, when
completed, will include a total of 24 (block II) satellites, a satellite
tracking and control segment, and a user segment. Satellites are being
launched about every 3 months. currently, with 15 operational satellite~,

approximately twenty hours of 2-dimensional (2-D) positioning coverage is
available. Twenty four hour, 3-D positioning coverage is expected within
the next two year,s. GPS is an all weather system and the receivers'
operate in both static or dynamic modes with updates once every second.

GPS accuracy depends on a variety of factors such as satellite
geometry, satellite clock errors, atmospheric conditions, receiver noise,
etc. For national security reasons, the Department of Defense segregates
,authorized and non-authorized receiver accuracy. Authorized military
users have access to the Precise Positioning Service (PPS) which allows
stand alone (non-differential), positioning accuracies to 16 meters.
Non-authorized users must use the Standard Positioning Service (SPS) which
provides accuracies to 100 meters. In addition, the Department of Defense
can further degrade the system at any time using ··Selective Availability"
(S/A) •

As with other positioning systems, geometry plays an important role'
in GPS accuracies. With satellites in twelve hour orbits; geometry
changes as a function of time. As more satellites become available
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however,' these errors will be reduced and positioning accuracies will
improve.

Real-time, the positioning accuracy can be improved using
"differenti'al" or "relative" techniques. 'Since two or more receivers in
the same geographic area will'experience approximately the same errors,
corrections computed at a known location can be applied to a remote
receiver. ' 'For example, one GPS receiver at a known location can determine
tne corrections to be applied to any other receiver in the 'area.
~ositional errors 'are a function of the ~ombination of satellite~ used.
These can be i~proved through, the use of pseudo-range or phase
corrections. For real-time pseudo-range corrections, ,these errors must, be
transmitted from a base station to the, user. Accuracies, with
pseudo-range: corrections applied, are on the- order' of '1 to, 5 ~eters

depending on time delays, the distance between receivers, and the'quality
of the receivers used.

Another way to enhance the accuracy of GPS surveys is to perform
"carrier phase~; meaE!urements of the L-band signal., The carrier ~avelength

is approximately 19 centimeters and ,its phase can usually be measured to
within a few millimeters. If the number of whole carrier wavelengths
between the reference station and' the use;- receiver can be resolved,
carrier phase 'differential GPScan provide high-accuracy results. In GPS
surveys of 45 minutes (or longer) observation sessions 'in a static mode,
'statistical enhancement using these corrections will provide first order
accuracy after post processing.

Similar to the "static" survey approach is the "kinematic" survey.
Here, the user has determined the initial difference in wavelengths using
one of two standard procedures, and then the mobile receiver is allowed to
move. At least four satellites must be in view, continuously without
losing lock during the survey. This method will yield decimeter level
accuracy (or better) after post processing. '

Normally~ UHF radios are used to transmit differential correc~ions

from a base station receiver to the user's station. The radios are,
however,' constrained by line of site, but they usually do not require a

'special ,Federal Communications Commission (FCC) license. Data rates of
100 bps are often adequate for pseudo-range DGPS but it is' anticipated
that real time kinematic surveys will require links capable of 4800 bps.
What was conceptually a straight-forward, uncomplicated means of
positioning, now involves the integration of multiple ,GPS receivers,
modems, radios, and computers in order to, obtain maximum positioning
accuracy.

STARFIX. is the first continuous satellite based positioning system
and' the only commercial satellite positioning system in the world. Owned
and operated by John E. Chance & Associates, Inc. of Lafayette, Louisiana,
it has been operational 24 hours a day since 1986. Although the system
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operates in a manner similar to GPS, it does not have global coverage, nor
.does it determine height.

STARFIX. takes advantage. of four existing geosyn~hronous

corcununicatic;m satellites and upli"nks signals forcing them to operate in a
manner similar to GPS satellites. How~ver, because they are C-band
(unlike GPS', L-band) ,corcunercial GPS receivers cannot use STARFIX.
signals. Receivers manufactured by Chance &. Associates are leased out,
often. by surveyors, for real ,time positioning services. STARFIX.
accuracies are typically on the order of 3 meters and coverage includes
most of North America.

DGPS/STARFIX. Integration

HI-MAP will use the best of both worlds. Chance & Associates began
transmitting differential pseudo-range GPS correcti~ns over the' STARFIX~
rietwork in 1987. Today, five base stations are permanentl~ installed in
locations across the United States. STARFIX. users are 'receiving both
STARFIX. derived positions and independent DGPS positions on their
receivers. Real time DGPS accuracies on the order of 3 to 5 meters and

, "

'post processing accuracies in the sub..met,er range can now be achieved
'throughout the United states via the STARFIX. satellite link. Chance and
Ass6c~ates is currently developin~ software to integrate ail visible GPS
and STARFIX. satellites into a single position solution.

BATHYMETRY

HI-MAP integrates three functions under the heading of bathymetry.
These are; Echosounding, Bottom Classification, and Sonar Imaging. All
three systems were selected and configured to complement each other.,

. Echosounding

A complete review of available echosounders resulted' in the selection
of one 'of the newer sweep type systems. The decision was based on
comparative evaluations, demonstrations, and adaptability to inland and
coastal surveys. The following is a brief discussion on the recent
evolution' of echosounders.

In the span o~ 10' years, echosounding has evolved from single
frequency, single transducer ,systems to dual frequency, multi-transducer
units. "Sweep" sounding, with the ability to cover large area swaths,
fo~lowed shortly thereafter as the next logical step' in echosounder
development. Initially, multiple transducers systems were intended to
increase coverage and reduce" survey time . The. largest array (32
transducers); was introduced by the Detroit District of U.s. Army-Corps of
Engineers in 1985. With the array mounted on a uniquely modified barge,
swath widths of 120 feet were achieved successfully. As data processing
techniques improved and computer capacity and speed increased, the
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advantages to sweep surveying soon materialized.
could be generated primarily due to the amount

.opposed to typical survey methods yielding only
required.

Multi-transducer systems are, however, not without problems.
Operating depth range is somewhat limited due to fixed transducer beam
widths. Transducer spacing must be optimized at project depth to prevent
excessive gaps or overlaps in coverage. Vessel roll also causes errors
when the transducers are mounted on booms. Unless these are corrected
usin~ accurate motion s~nsors, the system will be rendered useless.

In an attempt 'to overcome the problem of transducer spacing and boom
mounting, the next generation of sweep systems consolidated the array
into a single hull mount. With beams flaring out at set angles, operating
depth capability impro~ed and bottom coverage increased. "Slant range" ,
corrections were applied to the transducer measurements to compensat~ for
pointing angles., Unfortunately, the size of the array made this techniqUe
impractical for small boat installations and the obstacle of ship's motion
still remained.

A method of precisely directing each transmitted signal then emerged
and formed, the basis for the next approach to sweep echosounding.Known
as "beam. forming", ,this technique allowed for the design of a more
manageable array~ The generation of more beam channels could then be
accomplished in a smaller physical spacei The tradeoff in this case is
vessel speed. Fluctuations in depth measurements associated with vessel
movement is also inherent in this design.

The manufacturer of the latest sweep echosounder uses interferometry
to accurately resolve the reflected angle of each received echo. The
array is mounted in· a "towfish" to provide a more stable platform.
Transducer pairs on each side of the array measure the difference in echo
arrival times. In contrast to beam forming, an interferometric system
utilizes omni-directional sound projectors and'matched pairs of receivers.
With sensors mounted in a towfish, roll effects are reduced significantly
allowing for even more channels and wider swaths. This technique i~ ideal
for ocean surveys but, unfortunately, is not practic~l for shallow water
work or in areas where swift currents or turbulence exist.

Once all considerations were weighed, Chance and Associates concluded
that the ,"beam forming" approach ~ould be the most practical choice. A
FANSWEEpe echosounder (a trademark of Krupp Atlas Electronic) was
purchased for the HI-MAP project. With bottom coverage of· "four times
water depth" and an operating range of from 3 to 400 feet below the
transducers, FANSWEEpe fulfilled all of the requirements for shaliow water
bathymetry. It is ideal for 'small boat installations due to the fewer
number of components and smaller physical size. Although the
HI-MAP/FANSWEEpe transducers are fixed-mounted, vessel motion is removed
electronically using the new TSS 5-axis, heave/pitch/roll compensator (see
SPECIFICATIONS for more details).
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Bottom Classification

B~sed on'recent advancements in seafloor classification instruments,
Chance and Associates decided to add this data collection capability to
HI-MAP. An acoustic coring technique was integrated' into the system to
collect density profile information concurrently with depth profiles.

A means of remotely identifying bottom material or measuring its
density has long been the subject of study by the Corps of Engineers.
Obviously, there would be a .great cost and time savings if the task of
collecting core samples could be reduced.' There are, today, three types
.of bottom classification devices, each offering different approaches to
the problem.

The first attempt at remote bottom classification was developed at
the Corps' Waterways Experiment Station. Named BARA for "Bottom Acoustic
Reflectively Accessory", it is still un~ergoing tests by the Corps. The
BARA unit determines the amount of signal reflected··from the bottom then
derives a figure for density of material. The device is effective in most
cases but relies heavily on the quality of the calibration performed,
linear characteristics of matched pairs of transducers, and on the
acoustic characteristics of the material. itself.

Shortly thereafter, . a device appeared in the commercial fishing
industry that proved the ability to discriminate between several types of
materials. To identify the material types, "ground truthing" by means of
grab samples, was necessary. For hydrographic use, however, the amount of
core samples required to "ground truth" the system· proved to be
counterproductive. Also, no mechanism was provided to gauge either the
density of the bottom or sub-bottom materials.

Another approach to bottom classification, labeled "Acoustic Coring",
(Figure 1) has been under scrutiny for the past two years by the Waterways
Experiment Station. Standard, low frequency profiler equipment is used to
transmit and receive the acoustic signals. Echo returns are digitized and
then processed to determine the amount of energy absorbed between each
sub-bottom layer. This information is then converted to impedance and,
ultimately, to density. Tests performed by WES have produced excellent
results with accuracies of between 4 and 6 percent as compared to nuclear
probe measurements.

The obvious choice of bottom classification for HI-MAP was the
"Acoustic Coring" system. Although it is not intended to replace the
physical core sample, it can be used effectively to confirm selection of
coring locations and the number of cores required to best .. characterize a
survey area.
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Acoustic Coring
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Sonar Imaging .

For surveys that require data up to the water' s edge or where
detailed acoustic. imaging is necessary to locate obstacles or faults, a
side-scan type record complements the bathymetry data. It can accurately
identify smaller targets or features that may slip by between fansweep
scans •...Side scan' sonars have been used successfully by Chance and
.Associates for the past 15 years on the company's larger vessels. A small
boat. bathytlletry' sonar, however, must have provisions for true-to-scale'
slant range and speed log corrections. It must also be hull mountable and
ab~e to produce· usable, scaled images without lnterference from surface
reflections.

To meet these 'criteria, a side-looking sonar was chosen, as opposed
to a side-scan sonar. SLS transducers are fixed on an over-the-side mount
rather than inside a towfish.thereby eliminating the problems associated
with "height over the bottom" determination. Data records are free of

89



surface reflections, thereby producing excellent imaging from a near
vertical direction up to water's edge.

ACOUSTIC PLATFORM

The design of a survey vessel to accommodate all of these electronic
devices was of equal importance to the success of HI-MAP as were the
systems onboard. For all the reasons described previously, roll stability
would be the prime concern. Other criteria included:· portability,
shallow draft, operating range, ease of sensor mounting/deployment, and
operating arenas ranging from coastal to inland waterways. In addition to
the company's in-house specialists, Chance and Associates consulted
experts in the industry and commercial boat builders.

The final decision was made, and contracts let, to construct a twin
hull, catamaran.style survey vessel. It is 38 feet long and 12 feet wide
and trailerable for nationwide deployment. The craft .has'excellent roll
stability, is Coast Guard approved for coastal and inland wate~s, and
drafts only 1.S feet. There is more than adequate room for the equipment,
a survey crew of three, and the boat operator .
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Figure 2.
HI-MAP Systems.
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FANSWEEpS transducers are ram mounted through a moon pool in the back
deck while - "acoustic coring and side-looking sensors are fixed on
relo~atea~le "6ver the ~ide" mounts (Figure 2). -Hul~ design-and sensor,
placement are optimized to avoid problems due to aeration or cavitation.
As an added precaution, tunable vibration' mounts _on the engines and
generators were installed to suppress acoustic noise.

SYSTEM INTEGRATION

The task of integr,ating a multi-discipline survey system with
equipment from several manufactures, _is far from trivial. Figure 3
indicates -the complexities involved. Data formats, protocols and
synchronization between independent _systems must be handled properly.
Aiso, the tremendous amount of data collected necessitates the use of new
hi~h-speed storage devices such as digital audio tapes, high speed optical
and removable hard disk drives. With many years of experience in
integrating highly sophisticated geophysical survey systems, Chance and
Associates had the necessary expertise and personnel to accomplish this
task.

_Three comput~rs onboard share data translation, interfacing, and
storage duties. Software purchased for HI:-MAP along with software
developed in-house converts the hydrographic information into a form
compatible to the customer's equipment or final data presentations.

Figure 3.
HI-MAP positioning and acoustic systems con~igtiration.
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SUMMARY

The resulting HI-MAP vessel provides 'a new service to the community
offering, for th~ first time, complete survey data gathering capability.
Rapid deployment, high resolution satellite positioning, simultaneous
collection of full coverage depth and material density profiles, high
quality sonar imaging, and the reputation of Chance and Associates
surveyors provides the most comprehensive and cost effective methop of
performing hydro surveys today.
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HI-MAP
SPECIFICATIONS

POSITIONING (REAL TIME)

I
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I
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VESSEL (TRAILERABLE)

Design: Catamaran
(USCG Approved Design)

Dimension: 12' x 38'
Propulsion: Twin 250 HP Diesels
Draft: 1.7'
Cruising speed: 23 Knots

Range: 400 Nautical Miles,
Generator: 12.5 KW

SWATH BATHYMETRY

Manufacturer:Krupp Atlas Elect.
Frequency: 200 kHz,Range
Coverage: 2 to 4 Times Water
Depth ,
Typical Operating Speed: 4 Knots
Depth Range: 7 to 400 ft.
Traverse Beam Width: 2.5 0 (Appx)
Accuracy: (1 Sigmat

Water Depth <30m, ± 0.15m
of Depth

Water Depth ~30m,' ± 0.5\
of Depth

ACOUSTIC CORE
(Subbottom Classification)

Manufacturer: Caulfield Engineer.
Denslty Range: 1.0-2.5 Grams/cmJ

Accuracy:
Without'Ground Truth: 5\
With Ground Truth: 3\

Ping Rate: ' Better Than One Per
Second
Depth: lx Water Depth
Frequency:, 1-10 kHz, and 33 kHz

SIDE LOOKING SONAR

Manufacturer:' Krupp Atlas Elect.
Frequency: 304 kHz
Coverage Angle: 89 0

Scales:, True (Sound Velocity And
Speed Corrected)

Differential GPS: (Satellite Link)
Accuracy: 2-4 meters 2DRMS
Update Rate: 1.2 Seconds
GPS Manufacturer:

Base Station: Trimble
User End: Magnavox

Differential GPS (Radio Link)
Accuracy: 2 Meters 2DRMS·
Update Rate: 1.2 Seconds
GPS Manufacturer:,

Base'Station: Trimble
User End: Magnavox

STARFIX&
Accuracy:

Stand Alone: 3 Meters 2DRMS
Integrated With GPS: 1 Meter

2DRMS
Update Rate: 1 Second

Range-Range or Range Azimuth
system can be supplied by,JECA

POSITIONING (POST PROCESSED)

Pseudo Range Corrected GPS
Accuracy: 1.5 Meters 2DRMS

KinematIc GPS:
Accuracy: 0.1 Meter 2DRMS

DATA PROCESSING

Formats
Compatibility:

Intergraph, Ross, Navaline,
Autocad, Harris
Chart Generation:

Contour Plot~

Track Plots
Cross Section Profiles
Bathymetry Plots
Perspective Views
Longitudinal Profiles
Volume Computations
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The Application of The Uncertainty Analysis Method to
Dredge Production Measurements and Calculations

By Stephen H. Scott 1

ABSTRACT: The accurate measurement of dredge production is
essential for maintaining the maximum efficiency and cost
effectiveness' of the dredging process. The use of production
me~surement systems .on pipeline and hopper dredges provides
dredging personnel with tools for measuring and monitoring
production quantities. A general uncertainty analysis is
applied to dredge production measurements and calculations.
Equations describing production for hopper and pipeline dredges
are reduced to uncertainty expressions us.ing the uncertainty
analysis technique. Example calculations are performed to
demonstrate the error potential in production calculations.

INTRODUCTION

The overall efficiency o~ dredging operations is directly
related to the production rate of dredged materials, The dredging
process is optimized when there is maximum production at the. lowest
operating cost. It is essential that dredging personnel are informed'
of the optimum operating conditions of the dredge plant, as well as
the capability of the production monitoring system. The use of
production monitoring instrumentation has provided dredging personnel
with a useful tool for monitoring dredge production and overall dredge
operation. Production monitoring equipment is used primarily for
pipeline dredges, which dispose of the dredged materials through a
pipeline, or for hopper dredges, which store the dredged material in
onboard hoppers for later disposal. .

Two types of production .monitoring systems are comm~nly used on
either pipeline or hopper dredges. /An in-line production meter system
directly measures the density and flow velocity of the material in the
dredge pipe. This system uses a 'nuclear density gage for determining
the density of the slurry, and either a Doppler or. magnetic flowmeter
for measuring the flow velocity in the pipe (Figure 1). Typically,
the signals from these instruments are processed through a cross-point
display unit, which consists of two pointers that indicate the optimum
production 'based on the pointer positions (slurry density and
velocity) .

For hopper dredges, the production calculations are based on an.
indirect measurement of the average density of the load in the hopper.
The average density is determined by' measuring two parameters of the
hopper dredge: the volume. of dredged material in the hopper and the
draft of the dredge at any given time during the filling cycle. The
draft measurements as a function of vessel weight are generally made
by differential pressure transducers located in the bottom of the hull
of the vessel. The hopper volume at any time is determined by water

lResearch Civil Engineer, Estuaries Division, USAE Waterways Experiment
Station, Vicksburg, MS.
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Magnetic Flow Meter'
~..

Nuclear Density Probe ~--.... .,
Discharge Une . ..

"'1--- Dredge Pump'

....1--- Suction Une

- .
Figure 1. Production Monitoring Equipment on a Pipeline Dredge
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level sensors. mounted above the hopper (Figure 2). If the weight of
the dredged material in the hopper and the hopper volume are .. known',
the average d~nsity. of the material in· the hopper can be calculated.

. Real-time production data such as mass flow rate of dredged
,solids (lbm/h) I flow rate of dredged in situ volumes (yd:l/h) for in
line production meter systems, and total mass (Ibm) an~ total in situ

'volume (yd3 ) for~hopper monitoring systems can be made available to
dredging .personnel, by process'ing the signals from the instruments
through a data acquisition system linked to a personal computer.
These signals are input into computer codes that calculate the
production of dredged material. .

The data reduction equations used to calculate the produc~ion

~uantitie~associatedwith pipelineand~opperdredges contain
.. variables that introduce error into the final production calculation.

These variables include not only the measurements made by the
instrumentation, but also those,.s:ssociated with the dredging
environment such ·as the density of,the water and dredged sediments.
The error due to one variable may be insignificant, but the
propagation of. .th,e error ,through a data reduction equation. with . "
multiple variables may result in.excessive uncertainty or error in the
final- result. This paper present's an analytical method for
determining the influence of each variable in the production equation'
on the total error-resulting from 'the production. calculation.

,Equations defining both solids and in situ volumetric produc,tion are
introduced. A mathematical method for determining the percent error
or uncertainty of production calculations usirig these equations is
discussed and applied to example'dredging problems.

PRODUCTION CALCULATIONS

The in- line production meter system provides production data in'
the' form of s'olids flow rate or volumetric flow rate J with solids flow
rate referring to the flow rate of solids in the pipe, and volumetric
flow rate referring to the volume of in situ material flowing through
the pipe. The equation for the in situ volumetric flow rate is
defined by:

. Ps - PwVOL( t) = -__ • V • A
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Uttrasonic Water Level Transducers

f . \
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Dredge Hopper

, ...,. ~
Differential Pressure Transducers .... .

Figure 2. Production Monitoring Equipment on a Hopper Dredge
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where'

Pi the in situ dredged sediment density

Ps ,the slurry density measured by the nuclear
density probe

Pw the deniity of the interstitial water

VOL(t) in situ volumetric flow rate

V the flow velocity in the pipe

A = the area of the dredge pipe

The solids flow rate in the dredge pipe is defined as:
I
I,

~'

I
I

M(t)
Ps - Pw

• Pm '!' V • A (2)

I
wi th M(t) the sol,ids 'flow rate and Pm the sediment mineral density.
The solids load in a dredge hopper is calculated by:

with M the solids load in the hopper, VO~ the volume of material in
the hopper and Ph' the average density of the material in the hopper,
calculated by dividing the weight of the material in the hopper ,Wh as
measured by the draft sensors located in the hull of the vessel by the
volume of material in the hopper as measured by the water level
sensors mounted above the hopper. The in situ volumetric load in a
hopper is determined from the expression:

I
I
I
I
I
I
I'
,I
l.

VOL = Ph - Pw ;.. VO~
'P 1 - Pw
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The data reduction equations for the in-line production meter
contain a total of six variables: the density of the water Pw ; the
sediment mineral density Pm; the in situ density of the sediments
Pi ; the velocity as measured by the flowmeter V; the slurry density
measured by the nuclear density gage Ps ; and the· pipe diameter D.

The data r~duction equations for the hopper production
monitoring system contain the following variables: Pw ' Pm' Pi'
VO~ and the average density of the material in the hopper Ph As
mentioned before, this average density measurement is calculated by
the weight of the material in the hopper Wh divided by the volume of
the material in the hopper VO~ .

Some error is associated with each of these variables. This
error may be associated with changing physical conditions in the
dredging environment such as water temperature and salinity levels and
variations in the mineral and organic content of the sediments, or
measurement error inherent in the instrumentation. The error·
contributed by each variable will propagate through the production
equations into the final production calculation.

VARIABLE UNCERTAINTIES

Water Density

The water found within the dredging environment can vary in
density due to dissolved and suspended solids content and temperature
changes. The density of the water can generally vary within the range
of 0.98 to 1.030 g/cm3 due to. these conditions. The maximum error
introduced into the production calculations due to. changes in water
density, without compensation, is about 3 percent (Rokosch 1989).

Sediment Mineral Density

The types of sediment minerals found at dredging sites will vary
according to the physical environment. Generally, coarse-grained
sediments such as sands and gravel will exist in riverine or coastal
environments, while the finer grained materials such as silts and
clays will be found in areas such as ports and bays, which have a more
suitable environment for the settling of finer grained sediments. The
density values for sands and gravel will generally vary within 2.65 to
2.67 g/cm3 . Cohesive soils such as silts and clays ·can vary in mineral
density between 2.68 to about 2.75 g/cm3 . Assuming a midrange mineral
density of 2.70 g/cm3 in production calculations can generally result
in an error range of 2 to 2.5 percent. . .

In Situ Sediment Density

Accurate measurement of the in situ sediment density is
essential for the accurate calculation of volumetric production. The
density of saturated sediments is dependent on the mineral density and
the pore volume that the water occupies. A wide variety of in situ
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conditions exist that can have a significant influence' on the density
of the sediments.

Uniform sands existing in·a loose or dense state can have
densi ties within the range of 1. 89 to 2.09 g/cm3 (Peck and Hanson
1967). Mixed sands (fine, medium, and coarse) in a loose or dense
state can have densities withintherang~'of 1.99 to i.16 g/c~3. For
finer sediments such as soft silts and clays with organic content,. the
density can range from 1.4 to 1.58 g/cm3. Fluid mud layers can be .
found at densitie's as low. as 1.1 g/cm3 or less, .while fine,
consolidated sediments, such as 'stiff clays can have a density as high
as 2.07 g/cm3

. Dredging in mixed sediments with layers of fine-grained
sediments and coarse sediments can produce significant error if .in
situ density measurements are not taken and intorporated into th~

. production calculations.

Flowmeter Velocity Measurements

The velocity of the sediment slurry flowing in the dredge pipe
is generally measured by either a Doppler or magnetic flowmeter. The
Doppler flowmeter is generally considered the less precise of the two.
It is a non-invasive ultrasonic flowmeter that attaches to the outside
of the pipe. The accuracy of the Doppler meter as claimed by the

..manufacturer is ±2 percent of full scale. The magnetic flowmeter
attaches to the dred~~ pipe, with an electrode penetrating the ~ipe
lining. the manufacturer of these meters claims an accuracy of
±0.25 percent of full scale .

. Nuclear Density Measurements

Nuclear density gages are devices' that measure radiation
particle attenuation through a material. For dredging applications,
the gage is usually attached to the discharge pipe. A radioactive
source· emits particles through the pipe, and a detector on the other
side of the pipe counts the particles that pass through. The density;
of the slurry is determined as a function of particle attenuation.
These are very accurate devices for measuring density, with a
calibrated accuracy of ±O.aOl g/cm3.

Differential Pressure'Transducers

The pressure transducers, located on the bottom of the. hull of
the vessel used to measure the draft of the vessel due to the load in
the hopper have approximate accuracies of about ±l percent of the
range of measurement when used for dredging applications. The actual
calibrated accuracy of these transducers may be better than 1 percent,
but additional error is introduced because the draft of the vessel is'
influenced by other factors such as the amount of fuel and ballast
that the vessel is carrying, the motion of the vessel due to wave.
action, and variation in density .of the surrounding waters due to
salinity ~nd temperature changes.
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Water Surface Elevation Transducers

The transducers designed to measure the surface of the mater{al
in large dredge hoppers operate on either ultrasonic or microwave
signal transmission and reception principles.' The accuracy of these
transducers is estimated to be.about I percent of the range of
measurement for dredging applications. The actual calibrated accuracy
of these transduGers may be better than I percent, but disturbance of
the surface of the material in the hopper due to motion·of the dredge

. combined with environmental effects such.as temperature extremes and
moisture will result in reduced measurement accurac~.

Measurement of the Diameter of the Dredge Pipe

There is some assumed error in the' measurement of the diameter
of the discharge pipe on a dredge, as well as uncertainty due to
eccentricity of the pipe. Because many makes of pipe are used in
dredging, an assumed error of ±O.OI in. will be used for the following
error analysis.

GENERAL UNCERTAINTY ANALYSIS

A general uncertainty analysis is a mathematical method of
determining how the error associated with each variable in a data
reduction equation (such as a production equation) propagates through
the equation to' th'e final calculated result. For the case of the pro
duction calculation equations, the variables are the water density,
sediment mineral density, in situ sediment density, slurry density in
the pipeline, slurry velocity measurements, pipe diameter
measurements, and average density in the hopper (pressure transducer
and water level transducer measurements).

A detailed description of the principles and theory of the
general uncertainty analysis technique is given .by Coleman and Steele
(1989). For the purpose of this document, only the basic uncertainty
analysis expression will be described, along with a procedural method
for solving the-expression for the desired result .

. To demonstrate the general uncertainty analysis technique, the
equation describing the in situ volumetric flow rate production will
be analyzed step by step using this method. Equation 1 defined· the
volumetric flow rate of in situ materials measured by an in-line
production meter. This equation can be represented in the form:

(5)
I

. I

which states that the in situ volumetric flow rate in the dredge pipe
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is a function of five variables: Xl' X2 '

uncertainty in the production 'calculation
sion:

Xj, X4 , and, Xs . The·'
U "is given by the expres-

which represents the square root'of the sum of squares of the partial
derivatives of the da~a reduction equation with respect to each
variable, multiplied by the square of its uncertainty value Ux :

UVOLCt)
~ {aVDL<t) u.]' +

aVOL(t) 1\]' +
aVOL(t) 1\]'. aX

l
I aX2 aX3

aVOL(t) u.J +
aVOL(t) u.Jr+

aX4 axs
(6)

(7)=

Step 1: Solve for the Partial Derivatives

The partial derivative of the data reduction equation with
respect to the measured slurry density is:

I
I

I
I

I
I

I
I
I With respect to the sediment in situ density:

I.
I

v • A • (-p s +. pw)
=

(Pi - pw)2
(8)

I
I
I·

With respect to the water density:

v • A • (-Pi + p s )

(Pi - pw)2
(9)

I
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With respect to the flow velocity:

aVOL(t) A * (p s - POI)
=

av Pi - POI

With respect to pipe diameter· D (with the area = (~D2)/4):

(10)

aVOL(t)
=aD

~ * D * V * (ps - POI)

2 * (Pi - POI)
(11) .

Step 2: Reduce the Algebraic Complexity of the Equations·

The algebraic complexity of these expressions can be further
reduced by dividing each expression by the data reduction equation

. VOL(t) . This results in the following forms of the partial
differentials:

VOL(t)

VOL(t)

=

1
=---

-1
=---

1 1

(12)

(13)

(14)

VOL(t)

aVOL(t)
av

VOL(t)
1

=
V
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aVOL( t)

aD
VOL( t)

2
=

D

(16)
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Step 3: Substitute the Reduced Equations into the General Uncertainty
Equation

Substituting these reduced partial derivative expressions into
the general uncertainty expression gives the final uncertainty
expression for the volumetric flow.rate of in situ material in the
pipeline:

This same procedure is followed for determining the uncertainty
equation for the remaining three production equations. The production
equations for the solid and in situ volume hopper loads will involve
an additional uncertainty analysis. Note that in these expressions,
the average density measured in the hopper Ph' is a function of two
measured variables: the weight of the material in the hopper as
measured by the vessel draft transducers and the volume of the
material in the hopper as measured by the water level transducers
positioned over the hopper. Because of the dependence of t~e average.
density of the material in the hopper on the two measured variables, a
separate uncertainty analysis must be performed on the following
average density equation:

I
l\
VO~

(18)

I
I

'""

I

The result of this analysis will be used in findirig the uncertainty of
Ph for input into the final uncertainty analysis expression for the
hopper production calculations.
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The final uncertainty analysis expression for the average
density in the hopper is:

(19)

This expression defines the fractional uncertainty in the average.
hopper density due to the uncertainties in the measurements of the
differential pressure transducers and the hopper level transducers.
The result of this calculation is multiplied by the average hopper
density value chosen for calculational purposes (1.2 g/cm3

). The
resulting value is defined as UPh' the uncertainty in the average
hopper density measurement.

The final uncertainty analysis.expression for the solids flow
rate is:

+ [[Pm ~ p.

UM(tJ

M(t) · {rfP' 1pJ u,J + [[:m Pm ~ pJ u,.j'

P, ~ pJ u,.j' + [[~l ~ Uvr + [[~l' unr}'"
(20)

The final uncertainty analysis expression for the solids content in
the hopper is:

~ ={[[Ph \] · u~r [[:m - Pm ~ pJ u,.]'

+ [[Pm ~ p. - Ph ~ pJ u~r + [fv~~l' UvoLJ}'"

106

(21)



and the ,final uncertainty analysis expr,ession for the in situ volume
in the hopper is:

I
I
I
I
.'1

I
I Example.Cases

UvOL

VOL · {[[Ph =P.] · u,J + [ Pi =pJ u,J

Ph =pJ u,.J + [v~r.] ·Uvo~rr
(22)

I
I
I
I
I
I
I"
I
I
I
I
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The, final uncertainty expressions are now in a form in which . '
values can be inserted into the equations and the uncertainty or' error
values calculated., To itlustrate the utility of this method", sample
problems are solved using production instrumentation and vessel
specifications from an example pipeline and hopper dredge.. '

, .• For calculation purposes. the following nominal values will be
assigned to the variables in the uncertainty expressions. The mineral
density Pm is'2.65 g/cm3 , the water density Pw is 1.0g/cm3

, the
measured density in, the dredge pipe and hopper Ps and Ph is
1.2 g/cm3

, the in situ density cif the sediments :Pi is 1. 8 g/cm3
I the

pipe diameter' D is 32 in., and the flow velocity V in the dredge
ptpe is 25 ft/s.

Example Pipeline Dredge Specifications. The production met~r

'system on the examplepfpeline dredge consists of a nuclear density
gage and a magnetic flowmeter. The nominal dredge pipe inside
diameter,D 'is 32 in. and the average flow velocity in the pipe V
is 25 ft/s.,' It ,is assumed,that the pipe diameter measurement is'
accurate to ±O.Ol in. (Uo)' The accuracy of a properly calibrated
nuclear density gage as stated by the manufacturer is ±O.OOI g/cm3

(UPs)' The magnetic flowmeter has a full-scale value of 32 ft/s and a
calibrat,ed accuracy o~. ±O. 25 percent of full scale' or 0.08 ft/s' (Uv).,

Example Hopper Dredge Specifications. This hopper dredge is
equipped with differential pressure transducers attached to the bottom
of the hull for measuring the vessel draft and ultrasonic water level
sensors above the hopper'for measuring the slurry level in the hopper.
The vessel draft.measured by the pressure transducers is used to
determine, the' weight of material in the hopper by comparing the
measurement to a draft versus v~ssel weight diagram (Carene diagram).
The hopper votume is calculated by comparing the ultrasonic water

, level measurements of the hopper slurry level to data relating the
hopper depth to hopper volume', For this example hopper dredge, the
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hopper has a volume of 8,000 ft 3 and a depth of 20 ft, for a line~r
volume-depth relationship of 400 ft 3/ft. The vessel drafts 15 ft at a
hopper load of 300 tons (Wh ) , for a linear hopper weight-draft
relationship of 20 tons/ft. Properly calibrated ultrasonic water
level transducers for measuring the depth in the hopper have an
accuracy (uncertainty) of ±l percent of full scale, or ±80 ft 3 (UVOL )'

and the differential pressure transducers used for measuring,the d~ft

of the vessel have an acc~racy of ±l percent 'of full scale or
±3.0 tons (Uw). The uncertainty analysis for the average density in
the hopper uSing these values resulted in an uncertainty of 0.0169
g/cm3 (UPh) for a measured average hopper density of 1.,2 g/cm3

.,

Although the manufacturers may indicate that the transducers are more
accurate ,than 1 percent of full scale, other sources of erior such as
motion of the vessel and inaccuracies associated with the calibration
of the hopper volume as a' function of hopper depth contribute
additional error;

Discussion and Results

,To 'illustrate the error, range possible when calculat-ing
-production with these systems, a series of uncertainty calculat'ions"
were performed for four example cases. For these calculations it is
assumed that the hopper dredge is filled to volume (V04= 8,000 ft 3

)'

and that the load is at the maximum 300 tons. The Case 1 calculation
represents the "ideal" sit'uation where the instrumerits are all
calibrated, and the densities of the sediments' (mineial and in situ)
and associa~ed water have been measured.' The Case 2 calculation is
for instruments that are all properly calibrated, but the sediment and
water properties have not, been measured. Case 3 consists of a
calculation where the instruments are out of calibration, but the
sediment and water densities are measured. The final case (Gase 4)
represents the worst-case situation, 'where the instruments are not
calibrated and the sediment and water densities are not measured-.

Properly calibrated instruments have accuracies as stated
previously in the dredge specifications. The 'measured densities of
the sediment (mineral) and water are assumed to be accurate to
±l percent or ±0.0265 and 0.01g/cm3 , respectively (UPm and UPw)' The
in situ density is assumed to have an accuracy of ±2 percent, or
±O.036 g/cm3 (UPi)' These are reasonable assumptions given proper
instrument calibration, a survey of the sediments in the dredging
area, and measurement of the dissolved and suspended solids in the
water. '

For poorly calibrated instruments and unmeasured sediment' and
water 'properties, the following accuracies or uncertainties are
applicable. An'accuracy of ±5 percent of full scale is assumed for,
poorly calibrated hopper monitoring instrumerits, or ±lS tons (Uw ) and'
±400 ft 3 (UVOL ) • This results in an uncertainty of 0.0848 g/cm3 h(UPh)
in the measu~ment of the average density in the hopper. An
uncertainty of ±0.01 g/cm3 (UPs) is assumed for a poorly calibrated '
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nuclear density probe, ±l percent for inaccurate magnetic flowmeter
calibration, or ±0.32 ft/s (Uv) , ±3 percent for inaccurate water
density, or'±0:03 g/cm3 (Upw) , ±2 percent for inaccurate sediment
~ineral d~nsi~y,:or ±0.053 g/cm3 (UPm) , and ±10 percent for inaccurate
sediment in situ density, or ±0.18 g/cm3 (UPi)' The variables anc:i
their uncertainties for both the pipeline and hopper dredge examples
are listed in Tables 1 and 2. '

, The pipeline dredge calculations (volumetric flow rate and
solids flow rate) are found ,in Table 3, and the hopper dredge
calculations (in situ volume content and. sqlids content of the hopper)
are found in Table 4.

The pipeline production calculations reveal two important con-
"siderations. First, if the' sediment properties are well defined~ and
the instruments correctly calibrated (the ideal case), an acceptable
6 percen~ uncertainty in the production of the rlredge can be realized.
Secondly, the accuracy of the sediment and water properties, primarily
the in ,situ density, are the primary factors "influencing the total
accuracy of the calculation. Because of the inherent accuracy of the
density and flow velocity instrumentation, the wide range of
uncertainty (conservatively 2 to 10 percent) in the in situ density
dominates the accuracy of the calculations. The in situ density can
actually vary up to 40 percent (1.2 to 2.0 g/cm3 ) depending on the
sediment type and dredging environment. The Case 3 calculation
reveals that even when the instruments are out of calibration, the
uncertainty (8 percent) is reasonable with known sediment and water
properties. The solids flow rate calculations are more accurate
because the mineral density of solids varies' only to about a maximum
of 4 percent. The solids flow rate calculations indicate that the
water density is the dominant'variable affecting the production
accuracy. The Case 4 calculation reveals an error potential for
volumetric production calculations as high as 25 percent, if the
instruments are not properly 'calibrated and, the sediment and water"
properties are not well defined. "

The hopper productiorr equations reveal the opposite trend.
Because the measured density in the hopper is dependent on the
measurement of the draft of the vessel. (pressure transducers) and the
volume in the hopper (ultrasonic water level transducers)" the uncer
tainty in the production calculation is sensitive to the calibration
and proper'operation of the instruments .. For the volume content
calculations, the in situ density of the sediments has the greatest
influence on the calculation when the instruments are operating ,
properly. However, the error potential becomes very high (40 percent)
when the instruments are not operating correctly. For the solids.
content calculation, the water density is. ,the dominant variable when
the instruments are calibrated. These instruments typically operate
in an unstable environment, subject to vessel motion and environmental
changes (wind, rain,humidity, temperature extremes). Significant
error can occur in the calculations (50 percent) if the instruments
are not properly calibrated and the sediment properties are not known.



Table 1. The Variables and Their Uncertainties for Pipeline
Dredge Production Calculations

Percent Error Uncertainty· Value U
Variable Value Low High Low· High

(1) (2) -:ilL ~ -i2L -i.£L

Pm 2.65 g/cm3 1.0 2.0 0.027 - 0.053
Pw 1.00 g/cin3 1.0 3.0 0.01 '0.03
Pi 1. 80 g/cm3 2.0 10.0 0.036 '0.18
Ps 1. 20 g/cm3 0.08 0.8 0.001 0.01
D 32.00 in. 0.03· 0.03 0.01 0.01
V 25.00 ft/s 0.25 1.00 '0.08 0.32

Table 2. The Variables and Their Uncertainties for
Hopper Dredge Production Calculatio'ns

Percent Error Uncertainty Value U
Variable Value Low High Low High

(1) (2) --U.L ~ (5) (6)

Pm 2.65 g/cm3 1.0 2.0 0.027 0.053
Pw 1. 00 g/cm3 1.0 3.0 0.01 0.03
Pi 1. 80 g/cm3 2.0 ·10.0 0.036 0.18
W'h 300 tons 1.0 5.0 3.0 - 15 ~ 0
V04 8000 ft 3 1.0 5.0 80.0 400.0
Ph 1.2 g/cm3 1.4 7.l. 0.0169 0.0848
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Table 3. Swnmary of Example Pipeline Dredge Production
Calculations

Percent Error Contributed by Variable Percentto Total Total
Case ~ ~

p: ..!L _V_ D Error__1_

(a) Volumetric Flow Rate

1 2.38 3.44 0.04 0.02 0.0007 5.88
2' 5.03 20.12 0.01 0.004 0.0002 25.16
3 1. 80 2.59 3.20 0.21 0.0005 7.80
4 4.93- 19.72 0.97 0.06 0.0001 25.68

(b) Solids Flow Rate

1 0.08 4.32 0.06 0.02 0.0008 4.48
2 0.09 13.01 0.02 0.07 0.0003 13 .20
3 0.05 2.84 3.67 0.24 0.0006 6.80
4 0.08 12.23 1. 76 0.12 0.0002 14.19

Note: Case 1 = "Ideal," all instruments calibrated and densities
are measured

Case 2 = Instruments properly calibrated, but sediment and
water properties not measured

Case 3 = Instruments not calibrated, but sediment and water
densities are measured

Case 4 = Instruments not calibrated, 'sediment and water
densities, not measured

111



Table 4. Summary of Example Hopper Dredge Production Calculations

Percent Error Contributed by Variable
to Total

'Percent
Total
Error

(a) Hopper In Situ Volume Content

1 1. 36 1. 96 6.95 0.08 10.35
2 4.76 19.06 2.71 0.04 26.57
3 0.33 0.45 41. 74 0.58 43.10
4 2.55 10.21 36.30 0.51 49.57

(b) Hopper Solids Content

1 0.04 2.0 7.49 0.10 9.63
2 0.09 11.03 4.57 0.06 15.75
3 0.008 0.45 41.91 0.58 42.94
4 0.03· 3.88 40.24 0.56 44.71

Note: Case 1 "Ideal," all instruments calibrated and densities
are measured

Case 2 = Instruments properly calibrated, but sediment and
water ,properties not measured

Case 3 = Instruments not calibrated, but sediment and water
densities are measured

Case 4 = Instruments not calibrated, sediment and water
densities not measured
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These examples show the utility of the uncer~ainty analysis,
procedure in identifying the variables that have the most influence on
the production calculation.·The variables and their associated
uncertainties used in these examples were chosen to illustrate the
procedure. Not all production systems use the same makes or types of
instruments; therefore, the uncertainties associated with 'the
instrumentation may be different for other applications. Also, the
calculations were performed for only one set of dredging conditions
(flow velocity, pipe diameter, and sediment and water densities).
These examples should serve only as a guide for applying the
uncertainty analysis method for determining the accuracy of production
system calculations. It should be apparent from the analysis that
accurate instrument calibration and a thorough knowledge of the
properties of the dredged sediments and water are necessary to ensure
the highest degree of production,accuracy.

CONCLUSIONS .AND DISCUSSION,

Pipeline production meter systems are capable of measuring
dredge"production to within less than 10 percent, given calibrated
instruments and known sediment and water properties. The percent
error can be as high as 25 percent if steps are not taken to ensure
that the instruments are calibrated and material properties known.

Because. of the inherent accuracy of the nuclear density and ,
flowmeter instrumentation, the in situ sediment density and the water
density have the greatest influence on the accuracy of the in situ
volumetric and solids pipeline production calculations.

'For the hopper production equations, the error potential is
greatest for the case of poorly calibrated instruments (40 percent),
because the average density measured in the hopper is dependent on two
measured variables.

For hopper production calculations, the in situ sediment density
and water density contribute significant error when the instruments
are working properly.

The error in hopper production calculations can range from a low
of about 10 percent for calibrated instruments and known sediment and
water properties, to almost 50 percent for a worst case of
uncalibrated instruments and unknown material properties.

The general uncertainty analysis performed on the production
equations reveals the need for determining the correct application and
calibration of production monitoring instrumentation, as well as the
knowledge of sediment and water properties. The purchase of instru
mentation for monitoring production should always be contingent on a
thorough training program for dredging personnel. The supplie~ of the
instrumentation should reveal calibration techniques and maintenance
schedules necessary for attaining the highest degree of measurement
accuracy.
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The physical dredging environment should be defined before any
dredging occurs. The properties of the sediments and water within the
project area must be defined to ensure accurate production
calculations .. Initially, core samples of the sediments .should be
'taken to the maximum dredging depth to identify the sediment type,.
mineral density, and in situ sediment density. Water properties such
as the dissolved and suspended solids content should also be sampled
periodically. The data from the coring and water sampling are then
used to update the variables in the production equations. For
'continuous maintenance dredging, these properties should be
periodically updated to ensure consistency and accuracy in the
production data.
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Dredging as a Tool in Managing Contaminated Sediments:
Capabilities, Authorities, Responsibilities

Robert M. Engler, PhD,l
Norman Francingues2; Michael Palermo, PhD3

ABSTRACT

A recent National Research Council Marine Board' report. characterizes the
contaminated sediments issue as a "pervasive and widespread national problem."
and a "potential threat to marine resources and human health." In some'
U.S. Army Corps of Engineers' (USACE) dredging projects, significant quanti
ties of contaminated materials from navigation channels have been identified,
assessed, and managed at numerous locations. using appropriate containment
techniques. As such, the USACE and their dredging industry counterparts have.
a proven track record in conducting dredging and dredged material management
in an environmentally, technically, and economically sound manner. Signifi
cant experience in dealing with highly contaminated material from both
research and development and implementation perspectives has evolved over the
past two decades. On the other hand, past dredging for cleanup has been
piecemeal without clearly defined Federal Agency missions or authorities to
conduct the dredging. Some rem~dial activities have been conducted or per
formed under the,Clean Water Act and .Superfund authorities, but these have
generally received low priority as compared to other provisions of these Acts.
Recent language in the Water Resources Development Act delineates the first
broad Federal mandate on dredging for cleanup purposes and describes the role
of navigation dredging and cost-sharing' considerations .. Dredging, transport
and management for cleanup of contaminated sediments can now be carried out
under existing authorities using readily available equipment and dispqsal
techniques. However, numerous institutional constraints must be resolved.
before dredging for cleanup is carried out on a broad scale. This paper
describes past and current activities related to dredging contaminated sedi
ments for cleanup purposes and documents the evolving capability and equipment
needs.

INTRODUCTION

Navigable waterways of the United States (US) have played a vital role
in the Nation's economic growth. The U.S. Army Corps of Engineers (USACE), in
fulfil~ing its mission to maintain, improve, and extend these waterways, is
responsible for dredging and managing of large volumes. of dredged material
(mostlY,noncontaminated and acceptable for wide variety of uses) each year.
Dredging is a process by which sediments are removed from the bottom of
streams, rivers, lakes, and coastal waters; transported via ship, barge, or
pipeline; and discharged to land or water. Annual quantities of dredged mate
rial in the US average about 277 million cubic yards in maintenance dredging

lManager, Environmental Effects of Dredging Programs.
2Chief, Water Supply and Waste Treatment·Group.
3Research Civil Engineer, Environmental Engineering Division; Environmental.
'Laboratory U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS
39180-6199 .
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and about 57 million cubic yards in new work (Vallianos 1990),
100-150 million cubic yards of sediments dredged by others each
ject to permits issued by the USACE.

In addition,
year are sub-

_1

In accomplishing its national dredging and regulatory mission,_ the USACE
has conducted extensive research and development in the field of dredged mate
rial management (Engler, et al 1990). Regulations, policies, and technical
guidance prepared and used by the USACE are based on extensive operating
experience and results from comprehensive research programs. Continuing
research regarding current issues relative to the USACE's national dredging
program is an ongoing and dynamic process. USACE policy is evolving as
research on dredged material provides a-better understanding of the environ
mental impacts that can be anticipated from dredging and disposal operations.
USACE national policy is reflected in the final regulation for operation and
maintenance dredging of Federal navigation projects published 26 April 1988
(33 CFR Parts 209, 335, 336, 337, and 338) and in the final rule for the USACE
regulatory program published 13 November 1986 (33 CFR Parts 320-330).

In many industrial and urbanized waterways, the USACE dredges, trans
ports, and relocates contaminated sediments while maintaining the navigation
project. Yidespread contamination of some waterways has contributed to severe
local environmental degradation and regional environmental problems. The
current state-of-the-'knowledge related to contaminated sediments has been
greatly enhanced over the last decade through USACE R&D efforts and project
specific investigations and experience. Our past R&D efforts have allowed the
USACE to influence significantly regulations (Committee on Public Yorks, 1973)
for both Section 404 Clean Water Act and Section 103 of the Ocean Dumping Act.
Additionally, the US has influenced international constraints concerned with
ocean dumping (London Dumping Convention) (Engler, 1989).

Further USACE capabilities to manage contaminated sediments have been
expanded through our technical support role to EPA under provisions of the
Clean Yater Act, the Ocean DUmping Act, Superfund, and in military related
projects, under the Defense Environmental Restoration Program. However, the
central problems related to contaminated sediments persist, and constraints
imposed by both Federal and state regulatory agencies and by public perception
are increasing and becoming more complex. Additional environmental con
straints are complicated with a growing list of contaminants that can have
serious effects on human health and the environmental if not properly managed.
Moreover, contamination associated -with sediment removal from USACE Navigation
projects has been a public concern for at least twenty years: Yith better
regulatory controls on point source contamination and management of nonpoint
sources, input of additional contaminants to U.S. Yaterways has been signifi
cantly reduced. Consequently, contaminated sediments already in-place are now
considered in some areas as a major source of toxic chemicals that may have a
negative impact on the aquatic environment, public water supplies or human
health.

SCOPE OF PROBLEM

The scope of the contaminated sediments problem is obviously well beyond
the confines of a navigation channel and may extend over a large portion of a
harbor,- waterway or estuary. In the recent report by the Marine Board
(National ResearchCouncil,l989), contaminated sediments were described as a
pervasive and wide-spread national problem! The report went further to state

116



I
I
I,
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

that these sediments posed a potential threat to, marine resources and human
health. It ~as estimated by the Environmental Protection Agency (EPA) and the
National Oceanic and Atmospheric Administration (NOAA) that hundreds of
aquatic sites had sediments contaminated at levels that were of concern to
environmental scientists and managers. The contamination of Boston harbor was
highlighted as a major issue in the last presidential campaign. Furthermore,
the ocean dumping ban of ,1988, even though exempting dredged material, has
placed additional focus on sediments found to'be unsuitable for ocean disposal
because, of contamination. Recent legislative initiatives (Water Resources"
Development act (WRDA) of 1990-Section 312, Environmental Dredging) have
identified "cleanup" of contaminated sediments as important to the restoration
of degraded aquatic areas.

DEVELOPMENT OF USACE FIELD EXPERIENCE

The USACE's experience in managing sediments that were contaminated and
required special conditions prior to 1970 was generally limited to the Great
Lakes and Northeast U.S. Projects were handled in relation to site specific
criteria with no formal nationwide guidelines. Authorities for these .activi
ties were related to the Rivers and Harbors Acts of 1890 and 1899 and subse
quent water resources acts (Ablord and O'Neill, 1976). In the late 1960's the
USACE enlarged the scope of review of permit application to include fish and
wildlife, conservation, pollutions, aesthetics, ecology, . and the general
public interest (Code of Federal Regulations, 1968). In addition, the
National Environmental Policy Act of 1969 (NEPA) had a strong influence on
USACE activities. '

The various USACE Divisions and Districts have developed management
programs to meet their regional needs, especially those related to envi
ronmental concerns. As a result, the USAGE has gained considerable field
experience in managing' dredging and dredged material in an environmentally
responsible manner. The USAGE has also initiated comprehensive field manage
ment and demonstration programs on a regional basis. The programs deal spe
cifically with the assessment and management of contaminated as well as
"clean" sediments. Examples of these programs include:

Great Lakes GDF Program:

The early 1970's produced legislation that placed ,major emphasis on the
environment both from a 'pollutant source control and restoration perspective.
Public Law 91-611 in 1971 authorized a 10 year program for construction of
confined disposal, facilities (GDF's) in the Great Lakes region to dispose and
contain dredged material deemed polluted by the EPA and unsuitable 'for open
lake disposal. Major and several minor harbors in the Great lakes have subse
quently used GDF's for disposal of polluted material. ,Significant experience
was gained in the siting, ,design, construction, and management of these con
tainment facilities for contaminated bottom sediments.

Disposal Area Monitoring System Program:

The DAMaS program is a large multidisciplinary environmental monitoring
program instituted by the New England Division of the, USACE to assess and
minimize the environmental impact of dredged material placed in the coastal
waters of New England (Fredette et al. 1987). Significant field experience'
with capping contaminated sediments has been documented by DAMaS.
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Pu&et Sound Dred&ed Disposal Analysis Pro&ram:

The PSDDA program conducted through the Seattle District of the USACE
provides a basis for publicly acceptable guidelines governing environmentally
safe unconfined, open-water disposal of dredged material,and provides Puget
Sound-wide consistency and predictability in decisions concerning dredged
material disposal (Urabeck, 1989).

NY-NJ Comprehensive Dred&ed Material Mana&ement Plan:

The USACE's New-York District has completed a comprehensive assessment
of the alternatives to ocean disposal for clean and contaminated sediments
from the ports of New York and New Jersey. Emphasis is placed on innovative
use of sediments as land fill cover or fill for abandoned subaqueous borrow
pits. (O'Connor, 1987).

Field Verification Pro&ram:

The FVP conducted by WES and completed in 1988 consisted of research and
field demonstrations of placement and management of highly contaminated and
toxic sediment from a single location using three disposal alternatives (open
water, upland confinement, and wetland creation). The program was conducted
cooperatively with the EPA and New England Division. This provided the first
opportunity for direct comparison of the environmental consequences of placing
the same contaminated sediment under a broad range of disposal conditions
(Peddicord, R.K., 1988).

LEGISLATIVE MANDATES

Landmark environmental legislation in 1972 mandated the USACE a signifi
cant role in the environmental protection and ecological management of the
Nation's inland and ocean waters. For inland waters the Federal Water Pollu
tion Control Act Amendments of 1972 (Clean Water Act) goal is to "restore and
maintain chemical, physical, and biological integrity of the Nation's Waters"
(Committee on Public Works; 1973) with the USACE responsible, through Sec- 
tion 404, for the permit program regulating the discharge of dredged and fill
material into waters of the U.S. Oceans are treated in a similar manner by
the Marine Protection Research and Sanctuaries Act of 1972 (Ocean Dumping
Act), which requires through Section 103 (Committee on Public Works, 1973)
that all proposed operations involving the transportation for dumping of
dredged material into ocean waters be-evaluated to determine the potential
environmental impact of such activities. These activities are also carried
out by the USACE ocean dumping permit program. As with the Clean Water Act,
the Ocean Dumping Act is concerned with the unregulated dumping of material 
into ocean waters that "endanger human health, welfare, and amenities, and the
marine environment, ecological systems. and economic potentialities." Other
environmental controls of the 1970's include ratification- of international
treaties involving the control of pollution of the Great Lakes and oceans by
incorporating international constraints through initiation or modification of
domestic environmental legislation (Engler, 1989). These legislative
initiatives have resulted in the USACE developing a broad and significant
expertise in environmental management and especially in the identification,
assessment, and management of contaminated sediments.
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RESEARCH

Dredged Material Research Program:

Public Law 91-611 also authorized the 5 year $33 million Dredged
Material Research Program (DMRP). The DMRP was initiated in 1973 and success
fully completed in 1978. The DMRP was designed to be applicable nationally,
including all major types of dredging activities, regions of the country,and

,environmental settings. The program resulted in first-generation procedures
for evaluating the physical, chemical, and biological impacts for a variety of
disposal alternatives in water, on land, and in wetland areas. It produced
tested, cost-effective methods and guidelines for assessing and minimizing the
impacts of conventional disposal alternatives. At the same time, the DMRP
demonstrated th~ viability and limits of new dis~osal alternatives, including
the beneficial use of dredged material as a natural resource. New or improved
procedures were developed for designing, constructing, and managing confined
disposal areas to maximize service life and minimize adverse environmental
impacts. Procedures were developed to predict and minimize turbidity from
dredged material disposal operations. Methods were developed to predict
movement of dredged material in aquatic environments. Guidance for creating
habitat (such ,as wetlands) using dredged material was also developed.

In addition to providing data and information needed to develop criteria ,
and guidelines, two fundamental disposal management conclusions were reached.
Studies conducted and experience gained in the post-DMRP years have supported
these conclusions. The first conclusion is that no single placement alterna
tive is most· suited for a region or a type of project. Conversely, there is
no single placement alternative that can be dismissed as environmentally
unsatisfactory due to potential impacts. In other words, from a technical

, standpoint there is rio inherent effect or characteristic of an alternative
placement method that precludes its consideration before specific site
assessment. This conclusion holds true ·for .ocean placement, confined
placement, or any other' alternative.

The second fundamental conclusion relates to the need for a long-term
management strategy for disposal as opposed to short-term, piecemeal
solutions .. To address a variety of environmental factors and considerations
adequately, long-term regional strategies are required for effective manage
ment of dredged material. Through use of long term management plans that
consider project types, dredged material characteristics, placement alterna
tives, and other factors, the best opportunity exists fo~ maximum'
environmental'protection. at an acceptable cost.

In summary, ,the results of the DMRP provided the first definitive'
information on the impacts of dredged material placement and on methods to
minimize any adverse effects. This technology was made available to the users
in the f~rm of technical reports and synthesis ,reports. Over 250 technical
reports were .. published on, program results. Thfa ,pMRP is summarized in: an Exec
utive document and annotated in a Publication Index and Retrieval System
(Sauci~r, R. T. et aI, 1978 and Herner and Co~pany. 1978). '

Long-Term Effects of Dredging Operations (LEDO):
. .

The LEDO program provides new or. improved state-of-the-art technology,
for predicting long-term environmental impacts of dredging and management of
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contaminated dredged material and to develop methods for minim~zing adverse
impacts associated with these operations. The effects of aquatic and upland
disposal are currently being researched. LEDO is a continuing :research pro
gram conducted by WES. (Engler et al. 1990).

Dred~in~ Contaminated Sediments:

Research conducted under the Improvement of Operations and Maintenance
Techniques (IOMT) program, supplemented by field demonstrations, has resulted
in general guidance for selection of equipment and techniques for dredging
contaminated sediments. The performance of both conventional and innovative
dredge types in removing contaminated sediment with minimal resuspension and
with required precision has been documented (Hayes 1986 and 1988).

There are other programs involving similar field activities dealing with
the management'of sediments in all major estuaries, and waterways. Through
the USACE' s long standing navigation dredging mission,' engineering expertise I

and the past two decades of environmental management, a significant expertise
and capability exists in managing contaminated sediments.

AUTHORITIES FOR CLEANUP DREDGING

Until recently, there was no specific USACE mission or authority to
dredge 'for cleanup or environmental purposes·. "In place" contaminated sedi
ments, although recognized as a potential serious environmental concern were
handled on a piecemeal basis.· Cleanup 'dredging done by- the USACE w'as always
conducted as "work for others" or as a reimbursable project funded by another
agency/group expressly for that purpose. The earlies·t efforts' were carried'
out under authority of Section 115, (In-place Toxic Pollutants) of the 1972
Clean Water Act (Committee on Public Works, 1973) and were funded by EPA.
Under this authority, actual cleanup dredging was limited to a sediment
contaminated by a PCB spill in 1976 in the Duwamish Waterway in Puget Sound
(Blazevich et a1 1977). Other activities supported by Section 115 included a
report on the' extent and magnitude of sediment contamination based on existing
data files and records (Johanson and Johnson, 1975).

During the early to mid-80's more numerous cleanup activities were asso
ciated with Superfund projects pursuant to CERClA (1980) and SARA (1986) 'and
funded by EPA. Nearly a dozen activities are at various stages of completion
and range from "identification and assessment of contamination to field
demonstration of dredging and remedial technologies. The most notable effort
was conducted in New Bedford Harbor Mass. where the USACE and EPA demonstrated
and compared assessment techniques', monitoring, dredging equipment, and:
management techniques in a highly contaminated and shallow estuary "(Averett
and Otis 1988). The most significant conclusion of that research and field
demonstration work was that readily available dredging equipment and available
dredged material management techniques were adequate for this Superfund mate
rial and that contaminant release and mobility during dredging operations was
insignificant when compared with background conditions.

Section 118 of the Water Quality Act of.19B7 has authorized a contami
nated sediment program specifically for the Great Lakes to identify and assess
the extent and magnitude of sediment contamination and' to demonstrate bench
scale treatment technologies for 'the contaminated sediments. Funding for this
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program is from EPA with the USAGE lead in treatment technologies. Actual
, cleanup is not authorized in: this program.

Recent initiatives involving the USAGE are being 'carried out for NOAA as
the nation,'s· "Natural Resource'Trustee" and involves the restoration of select
contaminated coastal areas. The USAGE has also conducted work for the Navy on,
remediation of contaminated wetland areas. Both the NOAA and Navy projects
deal with damage.assessment and extent of remediation.

The Water Resources Development Act of 1990 (WRDA 90) has authorized an.
activity under section 312 "Environmental Dredging" to initiate "clean up"
dredging adj acent. to and outside ,the authorized navigation channel, Sec-
'tion 312 (a) .authorizes the 'USAGE to dredge contaminated sediments from areas
outside the boundaries of and adjacent to Federal channels. Gleanup dredging
under Section 312 (a) would be partially funded under the USAGE navigation O&M
program. Section 312 (b) authorizes the USACE to dredge contaminated sedi
ments from waters of the U.S. if requested to do so by a sponsor and dredging
would" be cost shared on a 50-50 basis. Gosts of disposal under both 312 (a)
and~(b) would be a non-federal responsibility~ Section 312 authorizes the
USAGE to actively contribute .to the goal of the FWPCA and GWA amendments to
restore and maintain the chemical, physical,and biological integrity of water
of the U.S. In addition, Section 312 supports the objective of Section 306 of
WRDA 90'which requires the USACE to· include environmental protection as a
primary mission in planning, designing, constructing, operating, and maintain
ing water resources projects. With the section 312 of WRDA 90 authority a
more concentrated and less piecemeal approach to management and cleanup of
contaminated sediment may dominate future activities.

NATIONAL FOCUS ON "IN PLACE CONTAMINANTS" 1988 - ,PRESENT

As previously noted the Marine Board of the NRC summarized major issues
facing t~e nation in regard to managing contaminated sediments. Since that
report there have been numerous national and international conferences and "
workshops.to better describe and understand the full scope of the problem.
The EPA has conducted several multiagency workshops on toxic sediments with
emphasis. on transfer of current technology and approaches to management. The
Science Advisory Board (SAB) to the EPA has :conducted lengthy and comprehen
sive technical reviews·of various "tools" or techniques to assess sediment
contamination (Science Advis.ory Board, 1990). One conclusion was that
"mutliple approaches. be used to estimate sediment quality, develop criteria,
and guide regulatory action." Both the U.S. Senate and the House of Represen
tatives have been conduc~ing extensive hearings on contaminated sediments
issues and are drafting several legislative initiatives to address the prob
lems (5.1178.1989, 5.1179.1989). Sediment Quality Criteria (SQC) (chemical
specific numerical) are currently in the "limelight" and are receiving signif
icant recognition both Congressionally and by the EPA as one of the
predominant future assessment tools. On the other hand, equal recognition of
"effects based testing" has also been given by.EPA and ,the USACE in revisions
of the manual for te.sting sediment proposed for ocean disposal (EPACE, 1991).
Many of the current techniC'al and political discussions are divisive and have
separated proponents of various sediment assessment approaches into separate
"camps" when defining contaminated sediment assessment and cleanup objectives
(Brannon et al 1990). '
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-Consequently, today's major issues regarding contaminated sediment man
agement can be summarized under 1) Testing and Compliance 2) Cleanup and
3) Management Strategies.

Testing and compliance. These is~ues are dominated by inconsistencies
in definitions and assessment approaches _for contaminated sediments. This is
followed by an erosion of centralized regulatory and management authority with
numerous and somewhat divergent groups becoming active in the process (e.g.
numerous federal, local and state agencies as well as legislative bodies).
Significant training is needed for the diverse array of field managers in
order to foster consistent technical and managerial approaches to ~olve the
problem. Because of the above deficiencies, crisis management tends to domi
nate the decision-making process. Lastly, because of the diverse array of
agencies directly and indirectly involved in the process there is a signifi
cant need to nurture interagency trust, respect and those attributes that will
lead to productive testing and ensure program success.

Cleanup. These issues relate to no past mission or authority given -the
agency with the most significant expertise in managing sediments, namely the
USACE. Because of work for others and the USACE navigation dredging mission,
the expertise is available; however, it has not been developed into a full
capability. On the other hand, the experience gained in Superfund dredging
activities shows that there are no major tec~nical differences between
navigation and cleanup dredging and technologies for managing contaminated
sediments.

Management strategy. A major consideration in any management strategy
for contaminated sediments is to assess the environmental acceptability of
proposed alternatives. In 1985, the Corps developed-a management strategy for
open water and confined dredged material disposal alternatives which focused
on-contaminant testing and controls (Francingues et al. 1985). The Corps and
EPA are now jointly developing an expanded and refined strategy which will
serve as a framework for evaluating the environmental acceptability of dredged
material disposal alternatives (USACE/EPA in preparation). Such-technical
strategies or frameworks have direct application-to management of contaminated
sediments for cleanup purposes. However, a comprehensive management strategy
must consider all possible legal, regulatory, liability, real estate, engi
neering, environmental, and economic issues when dredging for cleanup
purposes. The USACE must assume leadership, be accountable, and have a corpo
rate memory to implement any new mission responsibilities such as this.
Cost/benefit evaluation and risk assessment techniques are necessary with a
major emphasis placed on accomplishment of source control. To be cost effec
tive cleanup dredging should be incorporated into navigation activities where
appropriate.

To resolve these and other issues a consistent and nationally applicable
definition of a "contaminated sediment" is absolutely necessary. A recom
mended definition of contaminated sediments is "THOSE SEDIMENTS THAT HAVE BEEN
DEMONSTRATED TO-CAUSE AN UNACCEPTABLE ADVERSE EFFECT ON HUMAN HEALTH OR THE
ENVIRONMENT." Furthermore, institutional constraints to managing contaminated
sediments outside the boundary of the navigation chann~l must be identified
and resolved.
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INSTITUTIONAL CONSTRAINTS

There are numerous constraints impeding an orderly sequence of events
le'ading to a national program o{contaminated sediment identification.,
assessment, and cleanup. Prior to WRDA 90 the USACE had no dredging authority
outside existing navigation limits, except as work for others. Section 115 of
theCWA received little not~ce as an authority to pursue a cleanup strategy.
Furthermore aquatic sites (sediments) historically have had a very low
priority under Superfund cleanup authorities in comparison to contaminated
land sites. Section 118 of the 1989 CWA initiated a program of identification
and assessment in the Great Lakes region but does not go beyond laboratory or .
bench scale demonstrations of various cleanup or treatment technologies.
Unfortunately a. national Federal program to focus on contaminated sedimen~

issues is only now· evolving, even though sufficient legislative authority
exists and a recognition of negative environmental impacts of in place .
sediment contaminants is clear.

It has also been documented (Francingues et al. 1991) that the applica
tion of routinely available treatment technologies for solid wastes would need
significant modification when applied to large volumes. of sediment. The
resultant costs could easily exceed that appropriated by the Superfund program
and could use up available land disposal capacity reserved for more hazardous
and toxic wastes. Costs for conducting such cleanup would have to be borne by
several parties at any given site or regional location. Further complicating
the issue is the fact that point and nonpoint source discharges are not fully
controlled in many locations, and, if cleanup took place,the site would
quickly be recontaminated. Consequently, source control would be an absolute
necessity prior to any sediment remediation.

FUTURE DIRECTIONS

The USACE, as the nations environmental engineer can assume a leadership
role in managing contaminated sediments for cleanup as has been done with
sediments from navigation projects. In achieving this goal the USACE should:

o promulgate consistent policies and practices

o develop cooperative roles with EPA and others

o implement.an operations and maintenance strategy for coordinating
navigation dredging and cleanup.

o establish a technical capability in field offices

o identify and conduct R&D to support implementation

o assess extent of cleanup needs

o est~mate funding. requirements

o identify cost sharing opportunities

o make expertise available to state and other Federal agencies

123



The benefits of a nationally consistent pr~gram for management of con
taminated sediments include:

o Environmental'

- long-term-improvement to aquatic ecosystem

- point and non-point source control

- improved sediment and water quality

- improved quality/quantity of aquatic organisms

- fulfillment of basic charter of the FWPCA and CWA amendments
(restore and maintain the environmental integrity of aquatic
systems)

o To Nation

extends USACE leadership in managing contaminated sediment

- reduces loadings of sediment contamination to navigation projects

- reduces navigation maintenance costs

- provides consistency in sediment management implementation

- streamlines regulatory process and response time

- provides full coordination of existing regulatory programs

Sec 312 of WRDA 90 now offers an appropriate legislative authority for
the USACE in consultation with the EPA and with non-Federal sponsors to remove,
contaminated sediments outside of and adjacent to the navigation channel. To
focus on the cleanup issue a headquarters organizational structure should
develop policy and guidelines for this new mission. Significant knowledge
gaps exist and a R&D program should be initiated to resolve these gaps.
Interagency coordination and partnering with EPA and others is necessary to
meet the spirit and intent of Sec 312 and can leverage ongoing work by EPA
under the CWA and Superfund authorities. A nationally consistent
identification assessment and management framework for contaminated ~ediments

is currently lacking and should be jointly initiated by the USAGE and EPA.
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Dredging of Polluted Materials, An Overview of Dutch Developments

by

M. Ruud Ouwerkerk1 and Ruud H. Loevendie 2

INTRODUCTION

Dredges for excavating and removing diverse types of bottom
materials have been in existence and under development for
centuries. In general, new and improved dredging plant and
equipment have been developed over the years with the objective of
increasing productivity and efficiency, thus reducing costs.
However, as a result of a ,growing awareness during the past twenty
years or so to environmental consequences or considerations
associated with dredging operations,' increasing attention has been
and continues to be given to problems related to the'
removal/treatment/disposal of contaminated/polluted sediments/
materials. Existing dredges are used in most cases when such
materials are encountered. Sometimes special measures- are taken to
minimize adverse environmental effects of the dredging process.

In many . areas of the· world significant research/study efforts are
being directed towards development of dredging plant and equipment
designed especially for removing. and handling underwater
contaminated materials. In this connection, - it is generally
recognized that design criteria and other requirements for - such
special purpose plant and equipment depend largely on site-specific
job conditions and circumstances, such as types and quantities of
soils and contaminents involved, etc. The main purpose of . this
paper is to report upon related current developmental activities in
The Netherlands (in which the IHC Holland Group is an- active
participant) and .to describe some recent investigative studies of
particular interest and the results obtained.

BACKGROUND -

Problems with polluted materials, hazardous wastes, or -whatever
other names are given. to contaminated soils and sediments, are
surfacing in increasing numbers throughout the world. During the
past two decades, more and more attention has been directed towards
the removal and disposal of such materials from waterways. Both in
the· United states and abroad, a significant amount of
research/study effort continues to be expended towards the
devel~pment of improved dredge plant/equipment and environmentally
acceptable operational techniques and procedures, as· well as
applicable criteria. related to operational controls, etc. The
results of studies conducted by or under the auspices of the U.S.

'Army Corps of Engineers. waterways Experiment station are well
documented in reports and other pUblications of that organization.
In this. regard a book entitled "Contaminated Dredged Material
Control, Treatment and Disposal Practices" by M. John Cullinane et
al and willis E. Pequegnat was published in 1990 by Noyes Data
Corporation of Park Ridge, NJ, that provides current information on

Ipresident, Dredge Technology Corporation.
2project Manager, MTI Holland.



alternative technologies and strategies for the control, treatment
and/or disposal of contaminated dredged material as well as an
overview of related ocean, estuarine and inland disposal practices.

It is generally recognized that existing dredge types (e.g.
mechanical, hydraulic) with differing operational. characteristics
have different applications and/or limitations for use in
excavating/removing pol-luted materials. _ The degree of turbidity
and/or re-suspension of soil particles during the cause of the
dredging process often is considered to be a major factor in
determing or evaluating, acceptability from the standpoint of
environmental considerations. various available means for
contrOlling or mitigating the effects of such re-suspensions have
-been developed and may be employed where considered worthwile. In
addition, the dredged materials may require special ' handling and
treatment during the course of the transport and disposal phases of
dredging operations to ensure that adequate, environmental
precautions are exercized.

There are no established international standards and/or criteria'
governing the dredging of polluted materials. In most cases, such
operations depend largely on site-specific considerations of .the
location and volume of materials to be dredged, type of contaminants
involved, availability of acceptable disposal sites, resultant
benefits anticipated, etc. Regardless of the severity or degree of
criteria that may be applied in the case of any dredging project,
there is no question that environmental considerations add to basic
dredging costs. Projects have been delayed and even cancelled in
some cases for environmental reasons. There is growing concern
within the dredging community that in coming years the scale of the
environmental element as a component in dredging could become as
important - as the size and cost of the operation itself.
Accordingly, continued research and development efforts by the
industry as a whole are indicated and, just as important, it is
necessary to desseminate widely the results of such efforts to all
concerned.

Hopefully, this paper will provide an overview of related recent and
current research work in the Netherlands.

RESEARCH AND DEVELOPMENT IN THE NETHERLANDS

In 1981 t~e "Rijkswaterstaat" (Dutch state waterways Board)
initiated a study project, now generally referred to as the "MKO"
project (MKO is a Dutch abbreviation equivalent to "Minimizing Cost
of Maintenance Dredging"). Under the broad umbrella of this
project, a sub-committee designated for. "Environmentally conscious
dredging and disposal" targeted the subject of "an inventory of and
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identification of environmentally acceptable, technically possible
and economically affordable dredging and disposal techniqUes for
,treatmerit of contaminated dredge mate~ials"., In 1984 r the Board was
joined in this work by CSB (for Combination Research Group
Dredging) .

'The above-mentioned MKO sub-committee primarily studied spec'ifically
the re-suspensionof dredged sediments in the Port of Rotterdam,
whereas the CSB'group studied :more generally the re-suspension of
materials by ,different ,dredging tools under varying circumstances.
certain 'projects thoughout' Holland were tested and specific methods

, were developed to measure the degree of turbidity during dredging.
(Reference is made to Terra etAqua 38,- "Determination of Dredging
Induced Turbidity"~ for a description of the measuring methods.)

During the period 1981-1987, specific'projects involving dredging of
harbors in Rotterdam, Terneuzen, Delfzijl and Oosterschelde were
monitored and re~suspension measured. Reports regarding turbidity
measurements and causes have been published. (Reference is made to
Terra et Aqua 42 - 1990 "Impact on the environment of Turbidity
caused by Dredging"). The final MKO report of 1987 presented the
following main observations and conclusions pertinent to the removal
of polluted materials: '

1. The offices issuing dredging permits define their demands for
environmental requirements and parameters for dredging only in
general terms, at least so general that the dredging system
cannot be, ~ested 'for, the standards imposed.

2. This lack of standards results 'mainly ,from a ,lack of
understanding of the overall, process. Improvement will be
.difficultas the' ecosystem is complex. It is expected that,in'
the, near future the quality ,of the procedures and criteria
established will become better due to improved technical
knowledge and standards applicable to contaminated soils.

3. It may be' expected that disposal at sea and on land will ,become
equal options and the likelihood of storage in pits at the bottom,
of large inland waters will increase.

4. DU~ing the actual d~e'dging process it was observed that generally
solids content in the water column will increase by several
hundreds mIll in comparison to 'background concentrations.
Roughly about 1 '\ of the material dredged to be disposed, enters
into the surrounding waters. This'concentration is comparable to
those that usually results from disturbances by ship movements,
storms and ,currents. It is indicated ,that the speed of'
settlement the 'largest fraction of the silt, brought into
re-suspension is greater by a factor of 10 than the silt which
was deposited by natural processes.
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-5. In areas with a limited current, such as a harbor, the increase
of silt in" the water column is usually limited to approximately
100 m from the work site. Half an hour after ceasing dredging,
the concentration reduces significantly, and two hours later
water purity generally returns to the previous background
concentration.

6. Invariably, preventing or minimizing turbidity attendant to"
dredging operations as well as in unduly strict water quality
demands will lead to higher costs~ Adjustments to certain
present" methods already can. result in "significant improvements
but at a cost. For example:

- Hopper dredging without lean mixture overboard (ALMO), which
·significantly reduces turbidity, increases costs about 20 %..

- Dredging only
current going
production.

under advantageous current conditions (with
into the harbor only) serves to reduce overall

- New Dutch tools (e.g. -dewatering, separation, cleaning, etc.)
increase disposal costs. Also, Japan has developed special,
advanced dredging tools to minimize turbidity, however, such
tools are very expensive.

The final MKO report also contained" certain obserVations· and
recommendations although defined only in general" terms. It is not
specific in establishing applicable criteria. For example, with
respect to the delta rivers no definitive environmental demands are
made. "However, dredge process actions such as." light mixture
overboard, . degassing, overflow are recommended to be drastically
restricted which is, in" light of developments elsewhere, no
revolutionary conclusion. Further; it is recommended that for
individual projects, specific plans are submitted for approval prior

,to starting execution to achieve "a minimum disturbance of the
environment".

establishing the MKO report, an: attempt was
classify the contaminated sedimentation areas

During the course of
"made to quantify and
'in Holland.
"* Estimated amount of heavily polluted silt is about 108

million m3"0
* Estimated amount of heavily polluted soil on banks is 0.3

million m30"·

5

- 2.2

In 1982 the Management Team
general classification for
through IV:

Dredge Disposal Areas, defined a rather
polluted materials~ - using classes I
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I . Rotterdam Port - West. Slightly contaminated: more than 95 %
marine.

II, Rotterdam Port Middle. Modestly contaminated. 50/50
River/sea.

III. Rotterdam Port - East and rivers.
IV . Locally severely polluted materials.
(See Figures 1 through 4 for further details)

In addition Rotterdam Port recognizes a local quality class
system •. For most or all of these classes different disposal areas
are defined. The names "Slufter" and "Papegaaiebek" identify now
worldwide notorious Dutch disposal sites.

Subsequent to the MKO,report, the Dutch State Waterways Board issued
a type of "Broad Agency 'Announcement" 'to solicit pr'oposals for
proposed'plans to clean seven severely polluted areas in 'Holland and
Dfl. 45 million (24 million u.S. Dollars) was budgeted,for these
projects. The Board appointed a special committee to evaluate for
these seven specific sites 197 plans of 30 organizations.
Submittals were evaluated on the basis of the following:
- Environmental efficiency.
- Efficiency in use of disposal site.
- Practicability.
- Innovative methods.

The seven sites included (see figure 5 for map with locations):
- Oosterschelde havens, Bruinisse.,

Diemerzeedijk, Amsterdam.
Geulhaveri, Botlek.
Chemiehaven, Botlek.
Marlburgerhaven, Arnhem.
Gemeentehaven, Stein.
Hollandsche IJssel, Gouda *

.' NOTE:
This site was evaluated differently as it involved a request for
research.

It is noteworthy that a significant number of the 30 organizations
that submitted proposal are joint-ventures. It proved that the
nature pfthe questions brought forward by the Dutch State Waterways
Board exceeded the recognized capabilities of the individual firms.
For all of the above six simiiar projects, one group's proposal was
ranked highest. That Group is known as'WBGN, which translated as
"Water bearing Sub-soil Group Netherlands": a joint-venture of eight
(8) separate companies, among which is DTC's affiliate MTI. The
many disciplines and expertises represented in this joint venture

'include: "
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Class I
Class II
Class III
Class IV

Is supposed to be clean and may be dumped anywhere.
Low contaminated spoils. '
Medium contaminated soils.
High contaminated soils; special care for storage has to be
taken.

MOST IMPORTANT CONTAMINATIONS ONLY !!!

LIMIT LIMIT LIMIT
DESCRIPTION CLASS CLASS CLASS

I - II II - III 111- IV

CADMIUM
MERCURY
EOCI
HCB 2)
HCH 2)
Drins2)
DDT-complex 2)
Endosulfan 2)
Aroclor 1221
Aroclor 1241
Aroclor'1248
A.roc1or 1254
Aroclor 1260
PCB 28 2)
PCB 52 2)
PCB 101 2)
PCB 138 2)
PCB 153 2)
PCB 180 2)
6 PCBs 2)
Benz-b-fl.antheen
Benz-a-pyreen
ARSENIC
-CHROMIUM
COPPER
NICKEL
LEAD
ZINC
OILS
Heptachloor 2)
Hept.epoxide 2)
Fluorantheen
Benz-k-fl.antheen,
Benz-ghi-peryleen
Indeno l,2,3,-c,dpyreen
6 Poly aromatic carbonates

6
1.5
120
200
200
200
200
200

2
2
4
4
2

400
400
400
400
400
200

2000
10

6
23 

190
60
35

110
370

1250
200
200

8
4
6

14
50

19
9

180
2000
2000
2000
2000
2000

6
6

10
10

6
800

1000
1000
1000
1000

600
5000

20
12
32

220
190

65
460

1160
2500
2000
2000

20
8

12,
20

100

32
16

420
10000
10000
10000
10000
10000

16
16
24
24
16

1600
2000
2000
2000

- 2000
1200

10000
70
40

110
550
370

80
660

2330
4700

10000
10000

90
20

-40,
90

380

1) Metal and oil percentages at SOX < 16 micron in mg/kg; organic micro
pollutions in mg/kg organic carbonate.

2) Amounts measured in ug/kg.

Figure 1. Classification ranges for polluted, soils according
to Dutch Government
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PARAMETER UNIT MAASMOND' BOTLEK WAALHAVEN

CHLORIDE 0100 13.0-15.3' 5.5·6.0 1.6·2.3

SULPHATE mg/l 500·2200 34 - 400 7 - 10

FLUORIDE mg/l 1.8 - 2.6' 1.9 - 2.0 0.5·0.6

ORTHO-PHOSPHATE mgP/I 1.5·8.8 5.7·6.4 2.5·3.5

FENOL micro-gIl 7.0· 18 14'· 41 16 - 23

AMMONIUM mgN/I 19 - 56 49·70 57 - 90

SILICIUM mg/l 5.0·8.9 5.7 - 6.9 9.4 • 10

pH 7.2 - 7.3 7.0 ~ 7.2 7.0·7.1

BOD mg02/1 14 - 29 15· > 18 11 • 17

DOC mgC/I 33 - 81 37·49 ,34 - 41

OIL mg/kg 0.3 - 0.6 0.3 - 0.4 0.1-0.7

ZINC micro-gIl < 11 ·30 <11. <11·14,

COPPER micro-gIl 4.0·6.4 < 2.0·4.0 < 2.0· 4.2

CHROMIUM micro~g/l 1.7·6.0 4'.1 ·9.8 4.5·9.3

LEAD mlcro-g/i <2.4·'13 < 2.4 - 11 .0:: 2.4·5.4

CADMIUM micro-gIl <0.5-2.1 < 0.5 - 2.6 < 0.5· 1.4

NICKEL ' micro~g/l 17 ~ 35 13·23 ?0·13,

ARSENIC ,micro-gil 34·58 6.3 - 11 2.4- 4.9

IRON mg/l 17·29 24·38 20 - 37

. MANGANESE mg/l 8.3·9.4 2.8·5.3 1.7 - 2.3
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GRAIN Nederlandse Deutsches American British

SIZE
IN

nonn DIN 4023 standardization B.S.13n

mm N 209/ N 210 Nonn M.I.T.

Klelot Ton Clay Clay

Lutum
2mu

SUb ot Fine Slit

Sioet

emu

Schluff Silt Medium Silt

16mu

Ulterst Filn 20mu

tlln zand Coarse Slit

63mu
60mu 60mu 60mu

83mu Zeer tiln Felnsand "
Fine Sand

125mu Mlddel flln

200mu Matlg flln 200mu 200mu

333mu Matlg grot Grot
Mlttelsand

Medium Sand

Mlddel grot zand
Sand

500mu
600mu 600mu

Zeer grot

1 mm Grobsand
Coarse Sand

Ulterst

2mm grot 2mm 2mm 2mm

Filn Grind Felnkles
Fine Gravel

grind

6mm 6mm

Mlttelkles
Medium Gravel

16mm

Grot
20mm 20mm

grind Grobkles Coarse Gravel .
Gravel

63.mm 60mm

64mm Cobbles
Stenen

100mm

Kelen· Stelne/Blocke 200mm

500mm

Blokken

Figure 3. Standards for grain size comparison
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Figure 4. Relation between grain size and maximum pollution
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Figure 5. Map of Holland with site identification
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soil treatment and soil purification. '
Environmental technology/ground water purification,.

- Basic and applied research of ' cleaning methods of contaminated
soils/development of apparatus for cleaning of contaminated
soils/exploitation of apparatus for contaminated ,soils.

- Dredging Contracting..
- Research and ,Development ,of custom-built.dredging equipment.'
- Management' regarding environmental projects. '
-Basic and applied scientific research in the field of the

environment.

In general, the state Waterways Board local districts budgets did' by
far not reach far enough to execute the plans submitted. The Board
actually'started with a Dfl. 45 million/year bUdget for removal of
contaminated sediments. Based ona general inventory' of the Dutch
contaminated sites it is estimated that about Dfl. 6-10 billion
(equal to roughly 'about USD 3-5 billion) would be needed to clean
all recognized contaminated sites, in accordance with
environmentally acceptable methods. ,Also, if 10 % of this estimated
amount 'would be·made available within the foreseeable time span, it
would be considered a favorable budget. On the basis of overall
requirements of Ofl. 6-10 billion,,, a 150 to 250 year effort would, '
be required. The problem comes down to: environmentally sound
dredging cannot be afforded. In the meantime,' notorious disposal
~ites such as the "Sluft~r" and "Papegaaiebek". are filling up mucih
faster, than scheduled. '

It appears that, while the technology is available to 'remove the
contaminated sediments in an environmentally sound fashion, the
funds to execute such plans, cannot be made available. '

. ,

, OTHER RECENT INVESTIGATIVE STUDIES AND RESULTS

Dredge Turbidity arid Related Costs.
The Mineral Technological Institute (MTI), IHC Holland's research
laboratory (also a partner in the WBGN group) has used the multitude
of data collected during the,MKO 'study, to analyze cost in relation
to the turbidity generated by dredging, as this appears to become a
practical factor. '.. ' .

Attached is a graph (figure 6) showing'the relationship between the'
amount of turbidity generated by differen~ dredging systems and
costs. There is no doubt that costs increase with ,decreasing
turbidity. Environmentally sound dredging ,always qUotes the term

,"turbidity" as the determining factor ~' Turbidity is, however, only
one ,of the factors of causing ,materials to "enter ., into
re-suspension". 'There are, however, other factors or parameters
which need to be considered. Environmentally friendly dredging is
defined for the. removal process as:
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Reduce any need ' for processing clean' material in contaminated
sediments by dredging
* Accurately.

Limit water use (for many contaminants). All water used for
processing, such as used in the hydraulic transport, will need
to be processed and cleaned, to meet environmentally
acceptable standards.

,For cost purposes it is important to:
Increase accuracy. Removal, processing and storage of clean
material increases unnecessarily the cost. Very accurate
surveys and accurate instrumentation can drastically reduce
this problem.

fori~portant

and moved by the
be considered an

is the re-suspension or dispersion of
the dredging ,process; here mainly
the dredging tool on the layer to be

Eliminate Spill. Materials are disturbed
excavating tool, but not removed. This may
additional source of turbidity.

Prevent Turbidity, which
fine particles during
caused by the impact of
removed.

For safety reasons, certain materials may need special treatment,
due to the fact that moving the material may cause chemical, photo
optical or other undesirable reactions. For this reason special
storage requirements may be required during transport to the
disposal site to prevent leakage, overflow, etc.

SCRAPER DREDGER

Keeping' in mind the criteria considered
~nvironmentally sound dredging, that is to:

Prevent bringing materials into re-suspension, by avoiding:
* Turbidity.
* Spill.

In the light of tension and disparities between optimum solution
requirements and available funds~ MTI has made an attempt to rank 7 ,
various known dredging tools in a relative environmental
classification (see figure 7). It is recognized that the resultant
matrix is, a first attempt to quantify and that future adjustments
may be "necessary as greater, operational experience is gained.
However, classification of this kind is considered important, as it
is apparent that future plans for the removal of contaminated
sediments ' appear ' to be directed to compromises between optimum
solutions and costs. '
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- Reduce treatment cost by reducing use of water,

IHC has designed a dredge, dedicated to removal of contaminated
sediments: the so-called SCRAPER DREDGE (see figure 8). with this
dredge:

-The draft of the vessel can be accurately controlled even on
angles for slope dredging.

- A mechanical means of removal is chosen: an endless chain with
scrapers removes the mate~ial from the bottom and deposits it into
a hopper, from where it is pumped further in high concentration.

These dredging tools, presently developed only for relatively small
dredging jobs in canals appear to perform excellently. Larger
appliqatiori~ .as well ,as other similar tools are presently being
investigated ..

PROCESSING

. When the Dutch State Wa.terways Board made its previously mentioned
Broad Agency Announcement for removal of contaminants . from the six
sites. in question,· the requirements were reportedly concise and
definitive. 'Of the 17 prganizations listed in the ranking reported,
13 were joint-venture type set-ups, attesting to the complexity of
the problems associated. with· dredging, treatment and . disposal of
polluted materials.

A conclusion from the multi-displinary approach· is, that now
research and development is required to incorporate at lea~t

pre-processing and for . some contaminants processing immediately
following the dredge removal or excavation phase. For example, in
some instances the injection of chemicals. in the suction line of a
hydraulic dredge may be an ecoriomically desirable option. As
"processing" ·involves a multitude of cleaning methods, from the
(relatively) cheap hydrocycioning to the expensive high temperature
incineration and in between those cost extremes other methods, such
as chemical and. biological treatment methods and extraction with
.floatation . and foam agents, this (pre-)processing while dredging
will be limited to a-certain·number of pollutants and processing
methods (see figures 9 and 10).

It has been concluded that.storage of polluted materi~ls,is one of
the most permanent. and irreversible decisions to be made, most
certainly if the polluted materials site is used for several types
of pollutants. Very few ·cleaning methods are known that will
remove several different - pollutants at the same time.. Research
indicates that certain liners used for specifically prepared
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Patent pending]

IHC BEAVER SCRAPER DREDGER
General description

~
I

The. IHC Beaver Scraper Dredger was designed by
rviTI Holland, the research and development institute of !

IHC.Holiand, in c070peration with the Dutch contractor I
Dosco of Avenhorn. . .
The principle on which this revolutionary. dredging
method is based can, of course,.be'applied,on a larger
or smaller scale,

11.2 m
2.7m
2.0m

65'kW
10.5 tonnes

0.1 m-0.9m

The IHC Beaver SD was specially designed for the·
removal of upper layers of contaminated material

from ditches, lakes and canals without causing tur
bidity,

The spoil is removed by means of scrapers mounted
on an endless chain which forms part of a totally.
enclosed transport system.
The material is fed to a hopper, from which It is
drawn off by the action of a pump.
This pump and another which SeNeS the hydraulic

system are powered by an air-cooled diesel engine.

The inlet aperture is adjustable, enabling the thick

ness of material removed to be varied between 18
em and 30cm.
The desired dredging depth is achieved by ballast

ing the pontoon; the vessel can also be trimmed to
permit dredging on a shaUow incline.
The dredger is advanced with the aid of fourwires.

For minimal draught, floats can be mounted on

either side of the pontoon,
The Scraper Dredger can be put to work at short
notice, and can be transported on a semi-low
loader.

Figure 8. Scraper dredge

144

Technical data

. Length.of pontoon
Breadth of pontoon
Height of pont,oon
Machinery output',
approximate.
Weight, approximate
Draught, approximate
Dredging depth,-
approxim~te 0.3 m:- 1,2 m
Capaci!y .. 500 m3 / effective hour
Discharge distance, appr.: 300'm

. Discharge line dia. 200 mm

I,



~
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

,
G

R
A

B
C

R
A

N
E

SI
D

E
VI

EW
S

U
R

G
E

B
IN

R
E

V
O

LV
IN

G
S

C
R

E
E

N

P
O

LL
U

TE
D

S
O

IL

W
A

TE
R

TI
G

H
T

G
R

A
B

!

D
IS

P
LA

C
E

M
E

N
T

P
U

M
P

S

TO
A

S
H

O
R

E

P
IP

E
U

N
E

O
VE

R
S

IZ
E

C
O

LL
E

C
TO

R
B

IN

..... ..
$::

:0
U

1

FO
R

A
C

C
U

R
A

TE
R

E
M

O
V

A
L

O
F

S
E

D
IM

E
N

T
M

O
N

IT
O

R
S

Y
S

TE
M

R
E

Q
U

IR
E

D
O

N
C

R
A

N
E

~
i
g
u
r
e

9
:'

S
im

p
le

d
re

d
g

in
g

an
d

c
le

a
n

in
g

;



I
-
'
~ 0

'\

T
R

A
IL

IN
G

S
U

C
T

IO
N

IH
O

~'
U'

~D
~
D

P
R

O
C

E
S

S
IN

G
V

E
S

S
E

L
,

i
\

/
[P

[L
(Q

)~
IY
~

1Y
~(
Q)
u

'J
.

m
;.

.
*

[L
O©

QJ
J~

IF
~©

IJ
O©

[N
J

\
IFO

[Ll
Y~
~®
~r
e"

~
~
~
~
~
[
M
~
[
M
@

~~
D

-
~[

L~
©I
Y[

R1
©~

IY
~l

rO
©~

~[
?J

b\
[f

J~
Lr

O©
[M

S
Y

S
TE

M
S

-

F
ig

u
re

10
.

T
ra

il
in

g
su

c
ti

o
n

·p
ro

c
e
ss

in
g

v
e
ss

e
l

...-
-

-
-
-
-

-
-
-

--
-

-



I
I
I
I
I
I
I
I
I
I'
I
,I

I
I
I
I
I'
I

polluted, material dump sites may have a life expectancy of
considerable less than the, originally estimated 50 years, which
conclusion makes the specially prepared disposal sites a new problem
instead'of a solution~ ,

GENERAL CONCLUSION

Under certain 'circumstances, the removal of contaminated sediments
appears to present a heavy financial burden for the responsible
dredging authorities. The development of more economical ,environ
mentally acceptable methods of removal, treatment and disposal needs
to be pursued further. Otherwise, a collision between needs of the
economy and environmental requirements can be foreseen.

certain areas can be identified for which the funds for dredging
using proper removal methods have not been allocated, whereas due to
continuous natural deposits, ship traffic and other factors cause
more materials to enter into re-suspension, than any of the dredging
methods would have done (see figure 11).

Mechanical ,means of removal generally create a relatively large
amount of turbidity~ However, they are relatively low in cost and
use limited amounts of water. A grab or clamshell dredge is one of
the largest turbidity creators, however, when provided with a closed
watertight,' bucket and working in a silt ,screen,' it becomes an
'''excellent'' tool. Accuracy of the removal process is most
importarit. No clean material should be removed or polluted material
left behind.

Because of economic reasons, it is reasonable to expect that less
preferable methods to remove polluted materials with some add~d

precautions, such as a clamshell with closed bucket, siltscreen and
accurate depth gauge as cited above, or a hopper dredge' without ALMO
and overflow will become acceptable, tools for removal of
contaminated sediments.

The complexity of the dealing with the contaminated sediments, will
likely, however, not leave the dredge in its stand-alone performance
of remove-move-dispose, but' become part of a cycle remove-(move)
process-dispose. Dredges with processing plants, similar to certain
sand and gravel and mineral mining dredges, appear to be other
possible economical solutions. ' -
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CROSS SECTION OF ATYPICAL DUTCH WATERWAY

DREDGING OF
POLLUTED SOIL

INLAND CRAn

POLLUTED SOIL TO BE REMOVED

ORIGINAL PROFILE

.,., , - .
- . - . . . . - . , . . . - . . . . . . . . , . . . , , . . .

' FLOATING SILT ..
.. - ' .
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1040 1200 1350
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•

Figure 11. Dredging and ship movement turbidity in a typical Dutch waterway
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EVALUATION OF DREDGED MATERIAL FOR OPEN WATER DISPOSAL:
NUMERICAL CRITERIA OR EFFECTS-BASED?

by

Thomas D. Wright 1

ABSTRACT

The Corps of Engineers annually dredges or issues permits to dredge
about 500 million cubic yards of material from the navigable waters of
the United States. In many cases, open-water disposal of the dredged
material is the preferred disposal option,provided,that the material
meets environmental constraints. To evaluate the suitability of this
material for open-water disposal, the Corps applies procedures specified
by the Environmental Protection Agency regulations. In large par~,

these procedures specify an effects-based approach which utilizes bio
logical tests to assess the potential effects of contaminants. This
approach recognizes that dredged material is a complex substance that
may contain a variety of contaminants. These contaminants may interact '
in poorly understood or unknown ways and the procedures are considered
to be environmentally conservative in that they utilize a hqlistic
approach (biological responses) in addressing the contaminant problem.
At the time that the procedures were specified there were, as is cur
rently" the case, n"o numerical sediment criteria which are widely
accepted by the regulatory agencies, the regulated community, or
academia for application to the open-water disposal of dredged material.
However, several bills were introduced in the lOlst Con'gress to estab
lish numerical ,sediment quality criteria and the Environmental Protec
tion Agency" is presently in 'the process of attempting to establish
numerical sediment quality criteria. The appropriateness of such cri
teria to evaluate the open-water disposal of dredged material is ques
tionable and their application could' result in, a significant increase in
disposal costs without a corresponding increase in environmental
protection.

INTRODUCTION

Approximately 500 million cubic yards of material. are dredged each'
year from navigable waterways. Where open-water disposal is proposed
for the material, the Corps of Engineers (CE) evaluates the material for
suitability under the' Clean Water Act (CWA, P.L. 92-500, as amended) or
the Marine Protection, Research, and Sanctuaries Act (MPRSA, P.L.
92 - 532 I as "amended) : If the material does not meet the CWA guidelines "
or the MPRSA criteria the CE cannot dispose of the material in open
water nor will it issue a permit for a 'private applicant to utilize such
disposal. The CWA guidelines and MPRSA criteria are promulgated by the

1 . '
Env~ronmental Laboratory.'U,S, Army Engineer Waterways Experiment Station,
3909 Halls Ferry Road. Vicksburg, MS, '
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Environmental Protection Agency (EPA) and it exercises oversight on CE
decisions regarding disposal. Further, CWA disposal requires state
certification that it will not violate state water quality standards.

The CWA guidelines (40CFR Part 230) for the evaluation of dredged
material were issued in 1975. These guidelines allow a comparison of
contaminants in the dredged material with those at the disposal site and
allow open-water disposal where contaminants at the two sites are "sub
stantially similar" or where it can be shown that unacceptable concen
trations of contaminants will not be transporte'd beyond the boundaries
of the disposal site. In addition, the guidelines provide that where
there is such a large number of contaminants as to preclude identifica
tion of all of them by chemical analyses, or where chemicalfbiological
interactive effects may occur, bioassays may be used in lieu of chemical
tests. In response to these guidelines, the CE issued an implementation
manual (CE, 1976) which described the bioassay procedures. This manual
is currently being revised.

The MPRSA criteria (40 CFR Parts 220-228) for the evalua~ion of
dredged material were issued in 1977. These criteria are clearly
effects-based. At 40 CFR 227.6 certain constituents ,(organohalogen
compounds, mercury and mercury compounds, cadmium and cadmium compounds,
and oil of any kind or in any form) are, prohibited from disposal other
than as "trace contaminants." No numerical limits are given for these
contaminants. Rather, the results of biological tests are to be used to
determine whether or not the prohibited constituents are present in
greater than trace amounts. In response to the 1977 criteria, the EPA
and the CE issued a joint implementation manual (EPA/GE, 1977) which
described the bioassay procedures. A revision of this manual 'was issued
in 1991 (EPA/CE, 1991). In general, the revision focussed on refine~

ments of the'1977 procedures and retained the effects-based approach.

DISCUSSION

It is important to understand that dredged material is a highly com
plex substance and is not comparable to other materials, such as sewage
sludge or 'industrial waste, which may be discharged into open water:
Both the MPRSA and the GWA make this distinction and provid~ evaluatory
procedures for dredged material that are different from those used for
other materials. In the case of new projects, the 'excavated material is
usually "virgin", that is, it is sedime~t which has been exposed to few,
if any, anthropogenic contaminants. Material excavated as a maintenanc~
operation may come from a variety of sources, such as littoral drift,
riverine input, and sheet erosion adjacent to the project. Such mate
rial may have been contaminated at its source or may become contaminated
during transport or deposition at the project. Be'cause .the initial
source of the material is soil or existing sediments, it will contain
all'of the elements in the periodic table as well as both natural and

',anthropogenic compounds. Insofar as many of these are classified as
"contaminants", virtually all dredged material could be considered to be
"contaminated." In 'actual practice, the mere presence ,of a contaminant
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or its concentration iri dredged material can rarely be used to predict
whether or not it will have adverse effects upon biota (Engler, 1980)
and the, effects-based approach described below appears ,to be environ
mentally conservative (Jones and Lee, 1988;' Lee and Jones ,1987) .

Th~ bioavailability of ~ontaminants in 's~diment~, including dredged
material, is governed by a variety of fact~rs. In the case,of.metals,
sulfides appear to be a maj or controlling factor";"hereas ·total organic
carbon is involved. in the' bioavailabili ty of nonpolar organic contami
nants' such as PCB's, PAH's, chlorinated hydro~arbon pesticides, and
dioxins' (McFarland and Clarke, 1987). Clay minerals, such as the
kaolinites, smectites, and the hydrous micas, humic and fulvic acids,
the cation exchange capacity of the sediment, pH, Eh, and organic com
plexes also playa role in determining bioavailability (Peq~egnat,

Gallaway', and Wright,' 1990'). In addition, synergistic and antagonistic
interactions between and among contaminants are frequent occurrences.

'All of these factors arid interactions take place in a highly complex
and poorly understood manner. This is not to say that limited predic~

tive capabilities do not exist. Di'Toro et a1. (1990) have suggested a
method, based upon the relationship between acid-volatile 'sulfides and
metals, which may beof'utility to predict the toxicity of metals such
as nickel, zinc, cadmium"lead, copper, arid mercury, 'either'singly or, in'
combination. McFarland and Clarke (1987) have utilized the relationship
between total organ~c carbon, nonpolar organic contaminants, and lipids
in organisms to predict the potentialbioaccumulation of these compounds
from sediments. Wright (1977), Kraft (1979), and. Malueg et il. (1984)
demo~strated a clear relationship between toxicity, benthic community'
.structure,and contaminant concentration fn'an ecosystem dominated by a
single sediment contaminant (copper from mine tailings) where other
~ontamiriant contributions/sources were either absent or minimal.

With the above exceptions, attempts to establish cause-and-effect
relationships between the. concentration of a particular contaminant and
a biological effect in sediments have proved futile other than under
laboratory situations where a "clean" sedime.nt was "dosed" with a single .
contaminant. Even in those cases, when the "dose" was delivered to
different sediments, the relationship in one sediment did not hold true
for other sediments. Res~lts-from regulatory testing of s~diments pro~

posed for open-water disposal. and broad field studies during the past
decade which have yielded vast data bases, such as the Status and'Trends
Program, have'failed to demonstrate clear relationships between sediment
contaminants and biological effects (O'Connor, 1990). - .

·Despite the lack of cause-and-effect relationships, sediment quality
criteria have been developed and applied. Among.the first were the so
called. Jensen criteria promulgated by the Federal Water Quality Admin
istration (predecessor of 'EPA) in 1971 for use in -the Great Lakes·.
These appear to have had little,' 'if any, technical validity and, in some
casE!s, .the criteria were well below the average crus~a1 abundance for'
several contaminants (Engler, 1980) arid did not take 'into account
natural background concentrations .(Wright, 1974). More recently,
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criteria were developed for use in Puget Sound (CE/Washington State,
1988). These were developed using an approach known as the apparent
effects threshold .. Although originally applied· to exclude or allow
open-water disposal (sediments which were ·not clearly excluded or ...
allowed wo~ld be biologically tested to determine their status ·for dis
pos~l) the current use.of these criteria is as a sc~eening tool. In
essence, th~ criteria provide a "trigger" to conduct biological test~

~nd decisions on disposal of the material are made op the basis of the
biological· tests rather than the criteria. Reviews of the various
approaches used to derive sediment quality are found in Br~nnon et. al.,
1990, and Marcus, 1991. . .

In the development of sediment quality criteria it is important that
the criteria take into account the activity to which they will be
applied. .In the case of navigation dredging, it is a given that the
material will be removed and the question to be addressed concerns
potential contaminant effects at the disposal site. For remediation,
dredging concerns are the effects of in-place sediments, the benefits of
removal, and potential effects at the disposal site. Several of the
approaches·proposed for the development of criteria, specifica11y the
apparent effects threshold (PTI, 1988) and the sediment quality .triad
(Chapman,1986; 1989). have failed to. make this distinction. The thresh
old and the triad incorporate benthic community structure at the excava
tion site as a component, thereby raising serious questions regarding
their applicability to navig~tion dredging. The benthic community
structure at the excavation. site is nota particularly useful indicator
of sediment effects as the community is subject to a variety of influ
ences other than the sediment .. These include dredging,. navigation traf
fic, degradation of water quality from outfalls, thermal discharges,
surface runoff, the effects of droughts and floods, and other perturba-.
tions. The threshold and the .triad may be useful tools'in evaluating
the overall health of. an aquatic environment but should not be used in
the determination of the suitability of dredged material for open-water
disposal: Unfortunately, this seems to have been overlooked in a
recent ~ontrove~sy over the applicability of the. threshold and triad
(Spies, 1989; Chapman, et a1. J 1991). ..

In contrast to the current situation with sediment quality criteria,
water quality criteria have been available for many years. The develop
ment of water quality criteria ·is quite straightforward: Organisms are
exposed to a range of concentrations of a particular contaminant: and the
observed effects are used to establish criteria for a· given level of
protection. In· the experimental procedure·it is ensured that the con
taminant of interest is bioavailable, and this is accomplished by ensur
ing·that it is in solution so that cause-and-effect relationships can be
established. These criteria do not take into account synergistic 'or
antagonistic effects. As discussed above, many factors control the
bioavailability of contaminants in sediments and attempts to develop
sediment quality criteria ·following an approach similar to that used to
develop water quality criteria have been unsuccessful.
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There is "an inherent desire on the part of regulatory agencies to
use, whenever possible, numerical criteria in their regulatoryactivi
ties. Clearly, this greatly simplifies decision-making because an
activity is either in compliance or it is not.· Numerical criteria are
also easily understood by the· general public, environmental groups, the
regulated community, the courts, and others whereas more subjective

'approaches tend not to be. The current approach used in determining the
suitability of dredged material for open water disposal uses biological
toxicity and/or bioaccumulation as criteria but the end-points are not
absolute values. Rather, the potential for effects is measured.by com
paring the response of the organism in dredged material to its response
to sediment from a reference area (MPRSA) or the disposal site (CWA).
This holistic method does not distinguish which contaminant or combina-
.tion of contaminants is responsible for an observed effect. It does,
however, take into account p~ssible synergistic or antagonistic effects
and. is a dlrect measure of the bioavailability of all of the contami
nants present '(Wright and Saunders, 1990).

It is important to understand the intended purpose of criteria. In
regulatory usage, there are three levels of protection: 'objectives,
criteria, and standards. Objectives are aims or goals toward which to·
strive and which mayor may not represent an ideal condition .. They are
frequently very broad statements which are not legally.enforceable rior
are they intended to be. They mayor not have any technical or scien- .
tific basis and tend to be somewhat philosophical in nature. Criteria
are means by which something is evaluated in forming a correct judgement
about it. They are developed through the application of widely accepted
technical and scientific. procedures. They are not intended to be
legally enforc,eable because they must be sufficiently broad to encompass'
a variety of circumstances and, hence, require a certain degree of
interpretation in their application. Standards are usually (but not
always) developed, from criteria but may be entirely arbitrary, espe-
cially when the, technical and scientific basis of the criteria are
thought to. be incomplete and where a safety factor is deemed necessary.
Standards are usually much more restrictive and narrower than criteria
and are legally enforceable~

In the water quality arena, the establishment of standards has gen
erally been delegated to the states with the Federal government provid
ing criteria upon which to base the standards. This-is reasonable
because criteria cannot take into account all local considerations and
circumstances. Under the MPRSA, the discharge of dredged material must
comply with Federal water quality criteria whereas.under the CWA compli
ance with state water quality standards is required.

The desire for numerical .limits, be they criteria or standards, is
not only found in regulatory agencies. Senate Bills S.1178 and S.1179,
introduced but not passed by the lOlst Congress, would require the
establishment of Federal sediment quality criteria for a large number of
contaminants. These criteria would apply to all contaminated sediments.
As noted above, concerns with contaminated sediments outside of naviga
tion projects are quite different from those which must be dredged to
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establish or maintain navigation. The criteria would be established
over a period of several years by the EPA and the various coastal states
would be req~ired to establish sediment quality standards based upon the
criteria. Failing action by a state, the EPA would establish sediment
quality standards for that state. This political solution to the per
ceived problem that the current procedures do not provide adequate envi
ronmental protection may create a set of problems of its own.

Under current procedures water quality criteria (MPRSA) or standards
(CWA) must be met. Further, unless it can be shown that water quality
criteria or standards exist for all contaminants of concern and that
synergistic effects will not occur, biological testing is mandatory.
This creates a potential situation under the MPRSA where one or more
criteria might not be met but that the subsequent biological testing
indicates no potential effects. This does not indicate that there is a
defect in the criteria but, rather, that criteria are general measures
and are not to be construed as standards. Such cases will be considered
on a case-by-case by the CE as the permitting authority and by the EPA
under its oversight authority .. Under the CWA, if the proposed discharge
will not meet state water quality standards, the state may decline to .
issue the Section 401 certification or may waive the standards which are
not met. For sediment, inasmuch as there are no standards or criteria
(except for 50 ppm PCB's under TSCA, the origin and technical rationale
for which is not known) the determination of suitability for open-water
disposal is evaluated on the basis of biological testing (although com
parison of the contaminants at the extraction and disposal si~e may also
be used under the CWA). .

At best, because of the underlying technical deficiencies in many of
the approaches being used to develop sediment quality criteria, such
criteria should be used only as a screening tool and should absolutely
not be arbitrarily converted into standards. An analogy can be drawn
with water quality criteria/standards. If a sediment does not meet the
numerical criteria/standards, open-water disposal could be prohibited.
At the present time, it is not known whether or not this would, be con
sidered on a case-by-case basis when material not meeting numerical
criteria/standards meets the biological criteria: At the time that the
governing regulations (MPRSA and CWA) were promulgated there were no
sediment quality criteria/standards. - Hence, the regulations are silent
on this but a consistent approach would be to treat sediment
criteria/standards in a manner similar to water quality criteria/
standards. Whether or not this will be done remains to be seen.

The fact that, for many years, Federal, state, and academic agencies
have strived to develop sediment .quality criteria at great public cost
and have succeeded in developing none should convey a' clear message.
There are hundreds, if not' thousands, of potential contaminants in sedi
ments, many of which are biologically innocuous despite their concentra
tion whereas others may be biologically active at concentrations which
cannot be measured .with current analytical chemistry techniques other
than those found in sophisticated research and development facilities.
In contrast., the current effects-based procedures have been in use since
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the mid-1970's and evidence of their effectiveness in environmental
protection is provided bythe·observation that in spite of intensive
monitoring of disposal sites, there -is no documentation of adverse
effects as the result of:materials which were evaluated under these
pr~cedures. Further, the contaminants listed in 5.1179 for which crite
ria are to be established number at least 500, with the criteria to be

'established within ,three years of enactment of the bill. This would
require the developm~nt of 'criteria at the rate of over three per week
and, after deve1opment,,'the states would have only two years within
which to convert 'these criteria into standards. Considering that years
of effort have yielded no criteria, this is a truly stupendous task.

, ' .

Between 1973'and 1978 the CE conducted, a maJor $33 million program
on dredged ma~eri~l disposal. ~his program consisted of over 2s0,jndi
vidual studies and; in contrast to previous 'largely site-specific
project investigations, the studies were generic. in nature so as to have
the widest applicability. A specific goal was to define the biological
and water quality effects of open-water, wetland, and upland disposal~

A major finding was that no single disposal option is presumptively
suitable for a geographic region or group of projects. What may be
desirable for one project may be completely unsuitable for another;
consequently, each project must be evaluated on a case-by-case basis
(Saucier et al., 1978). An additional finding was that open~water dis-"
posal resulted only in physical, rather than contaminant, effects on
biota at the disposal site and that biotal recovery was rapid following
the 'cessation of disposal (Wright, 1978).. ,- ,

'A further effort,was initiated as a cooperative program between the,
,CE and the EPA. This $7. million program was designed to compare new
evaluatory techniques with those in use and to investigate the effects
of the disposal of material f~om a single site in three,different envi
·ronments (open~water, wetland, and upland). Of the various ne~ biologi
cal techniques examined to determine the suitability of material for
open-water disposal, only a few showed significant potential as
evaluatory tools and these were not suitable for regulatory application
without additional re'search and development. None appeared to predict.'
the effects of open-~ater disposal better than the acute toxicity and
bioaccumulation techniques which are still in use; field investigations
following the laboratory tests verified the predictive ability of the '
tests (Gentile eta1., 1988). Upland disposal produced the greatest and,'
most, persistent effects, including the release of metals and extreme
toxicity whereas open-water disposal showed relatively minor and nonper
sistent effects; effects from wetland disposal were in~ermediate between
upland and open-water disposal (Peddicord, 1988).

Based upon these and other studies, it appears that numerical sedi
ment quality criteria/standards may be environmentally underprote'ctive
in that they cannot take into account the many and complex interactions
in sediment which control contaminant bioavailability and, hence, poten
tial biological effects. Alternately, they may be overprotective
because there ,is currently no widely accepted method with which to
establish the cause-and-effect relationship which is crucial· to the
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development of technically valid regulatory criteria/s~andards for
sediments .. Because of the imprecision of the methods whlch are
presently being investigated, a conse'rvative "safety factor" will almost
surely need to be incorporated into whatever criteria/standards are
developed. .

Overprotection will have significant economic and environmental
impacts. In those instances where open-water disposal is the only
available alternative, navigational, dredging will not be allowed. ~ere

there are otheral ternatives, such as upland or wetland disp.osal, these
may be more costly because of transportation costs and other factors,
such as the construction of facilities to contain the material. Wet-'
land, and especially upland, disposal have ~een shown to:frequently'have
environmental effects that are more severe than those commonly asso
ciated with open-water disposal. Following disposal in upland or' wet
land sites, major costs maybe subsequently incurred in management of
the material and maintenance of the sites which, in some,cases, could
even require removal of the material and transp'ort to a 'more sui table
site.

This is not to say that all material is suitable for open-water dis
posal and should be so ·disposed.. Some may be 'unsui table for phys ical
reasons, some for economic reasons, and some, although suitable, can be
better used for beneficial purposes which do not. involve open-water
disposal. For a given project, 'all disposal alternatives should be'
thoroughly explored prior .to any disposal. Where open-water disposal is
a serious consideration, the most common reason for abandoning that- .
consideration concerns contaminants. The current effects-based approach
has been shown' to be environmentally protective and is ·technically
sound. Even with the development of numerical.sediment quality
criteria/standards, the effects-based approach should remain·the primary
determinant in evaluating the potential effects of ~ontaminants in
dredged material for open-water disposal.

CONCLUSION

Current regulations require an effects-based approach for.the evalu
ation of contaminants. in dredged material that is proposed for open
water disposal. Experience with this approach over the past fifteen
years by the CE and the EPA' has shown it to environmentally protective.
Although n~erical.sedimentquality criteria have been 'under development
for many years, they still do not exist and technically valid criteria
cannot be promulgated by legislative mandate. The primary reasons for
their non-existence are the nature of dredged material arid technical
flaws in the techniques that have been used in attempts ,to develop them.
If. on whatever basis they are developed, sediment quality criteria'
supplant the current approach, they may be environmentally overprotec~
tive or underprotective .. This will carry not only environmental costs
but direct economic costs through a loss of navigation by making dredg
ing unfeasible or where disposal costs .increase through the unnecessary
use of more expensive alternatives than open-water disposal.'

156

. I

... 1



I
I
I
I
I
I,
I
I
I
I
'1
I
I
I
I
I
I
I'··
I..

REFERENCES

Biannon, ~: M., McFarland, V. A., Wright, T. D., and R. M. Engler ..
1990. "Utility of Sediment Quality Criteria (SQC) for the Environmental
Assessment and Evaluation of Dredging and Disposal of Contaminated' Sedi-

.ments." Coastal and Inland Water Quality Seminar Proceedings No. 22,
U.S: Army Corps of Engineers Committee on Water Quality, Washington,
D.C., pp 7-19 .

Chapm~n~, P. M., Long, E.,.R:, Swartz, R. C.; DeWitt, T. H_, and
R. Pastorok.· 1991. "Sediment Toxicity Tests, Sediment Chemistry and
Benthic Ecology Do Provide New Insights into the Significance and Man
agement of Contaminated Sediments- A Reply to Robert Spies." Environ.
Toxicol. Chern., Vol. 10, pp 1-4.

Chapman, P. M. 1989. "Current Approaches to Developing Sediment Qual
ity Criteria." Environ. Toxicol.··Chem., Vol 8, pp 589-599.

Chapman', P. M. 1986. "Sediment Quality from the Sediment Quality
Triad-An Example." Environ. Toxicol. Chern., Vol 5, pp 957-964.

CE, )976. "E~olbgical Evaluation of Proposed Discharge of Dredged or
Fill Material into Navigable Waters: Interim Guidance' for Implementa
tion·of Section 404(b)(1) of Public Law 92-500 (Federal Water Pollution
Control Act Amendments of 1972)." Miscellaneous Paper D-76-l7,

. U·. S. Army Engi!1eer' Waterways Experiment Station, Vicksburg, MS .

. CE/State of Washington Dept. of Natural Resources. 1988. "Final Envi
ronmental Impact Statement--Unconfined Open-Water Disposal Sites for
Dredged Material, Phase 1 (Central· Puget Sound)." U.S. Army Engineer
District, Seattle, WA.

Di Toro; D. M:, Mahony, J. D., Hansen, D. J., Scott, K. J., Hicks,
M. B.,.Mayr,' S. M., and M. S. Redmond.·.1990. "Toxicity of Cadmiwn in
Sediments: The Role of Acid Volatile Sulfides'." Environ: Toxicol.
Chern,; in press.

Engler, R. M. 1980 .. "Prediction of Pollution Potential Through.Geo
chemical and Biological Procedures: Development of Regulation Guide
lines and Criteria for the Discharge of Dredged and-Fill Material."
Contaminants -and Sediments. Vol. 1, R. A. Baker (ed), Ann Arbor Science
Publishers" Inc. I Ann Arbor, MI. I pp. 143 -169 .. ' ,

. . .
EPA/CE.· 1977. "Ecological Evaluation of Proposed Discharge of Dredged
Material into' Ocean Waters: .Implementation Manual for Section 103 of
Public. Law 92-532 (Marine Protection, Research, and Sanctuaries Act of
1972)." U. S.. Army Engineer Waterways Experiment Station, Vicksburg, MS.

EPA/CK.- 1991. "Evaluation of Dredged Material Proposed for Ocean Dis
'posal (Testing Manual). " U. S. Army Engineer Waterways Experiment Sta-
tion, Vicksburg~ MS. .

157



Gentile, J. H., Pesch, G; G., Lake, J., Yevich, P. P., Zaroogian, G.,
Rogerson, P., Paul, J., Galloway, W., Scott, K., Nelson, W., Johns, D.,
and W. Munns. 1988. "Synthesis of Research Results: Applicability and
Field Verification of Predictive Methodologies for Aquatic Dredged Mate
rial Disposal." Technical Report D-88-5, U. S. Army Engineer Waterways,
Experiment Station, Vicksburg, MS.

Jones, R. A., and G. F. Lee. 1988. "Toxicity of U. S. Waterways with
Particular Reference to the New York Harbor Area." Chemical and B'iolog
ical Characterization of Sludges. Sediments, Dredge Spoils. and Drilling'
Muds. ASTM STP 976, J. J,. Lichtenberg, F. A. Winter, C. 1. Weber, and
L. Franklin (eds), Amer. Soc. for Test. and Mat., Philadelphia, ,PA,
pp 403-417.

Kraft, K. J. 1979. "Pontoporeia Distributi6n Along the Keweenaw Shore
of ,Lake Superior Affected by Copper Tailings." Internat. Assoc. Great
Lakes Res. Vol. 5(1), pp 28-35.

Lee, G. F;, and R. A. Jones~1987. "Water Quality ,Significance of
Contaminants Associated with Sediments: An Overview." Fate' and Effects
of Sediment-Bound Chemicals in Aquatic Systems. Pergamon Pr~ss, Kew
York, NY.pp 3-34.

Malueg, K. W., Schuytema, G. S., Krawczyk, D. F.., and J. ,H. Gakstatter.
1984. "Laboratory Sediment Toxicity Tests, Sediment Chemistry and Dis
tribution of Benthic Macroinvertebrates in Sediments from the Keweenaw
Waterway, Michiga:n." Environ. Toxicol. Chern .. Vol. 3, pp 233-242.

Marcus, W. A. 1991.. "Managing COI)taminated Sediments in Aquatic Envi
ronments: Identification, Regulation, and Remediation." Env. Law
Reporter, 1-91, pp 10020-10032.

McFarland, V.A., and J. U. Clarke. 1987,. "Simplified Approach for
Evaluating Bioavailability of Neutral OrgaI)ic Chemicals in Sediment."
Environmental Effects.of Dredging Tech. Note EEDP-Ol-08, U.S. Army Engi~

neer' Waterways Experiment Station, Vicksburg, MS.

Peddicord, R. K., 1988. ~'Summary of the U.S., Army Corps of Engineers/
U.S. Envir~runental Protection Agency Field Verification Program." Tech
nical Report D-88-6, U~S. Army Engineer ,Waterways Experiment Station,
Vicksburg, MS.'

Pequegnat, W. E.. Gallaway, B. J.', and T. D. Wr~ght. 1990. '''Revised
Procedural Guide for Designation Surveys of Ocean Dredged Mater,ial
Sites. Technical Report 0-90-8, U.S. Army Engineer Waterways Experiment:,
Station. Vicksburg, MS. '

PT1. 1988. "The Apparent Effects Threshold." Briefing Report, to the
U. S. Environmental Protection Agency Science Advisory BO,ard. PTr Envi
ronmental Services, Bellevue, WA.
O'Connor, T. P. 1990. "Coastal Environmental Quality in the United
States, 1990, Chemical Contamination ,in Sediment and Tissues." National
Oceanic and Atmospheric Administration, Rockville, MD.

158



P., and H. K.
Technical'

Station,

I
I
I
I

"

I
I
I
I
I
I
I
I
I
I
I
I
I
II.

S.1178. 1989. "A Bill to Improve and Expand Programs for the Protec
tion of Marine and Coastal Waters." 101st Congress, First Seision ...

S .1179. 1989. "A Bill to Establish a Comprehensive Marine Pollution
Restoration Program, to Amend the Federal Water Pollution Control Act
and the Marine Protection, Research and Sanctuari~s Act, and for Other
Purposes~"lOlst Congres~, First Session.

Saucier, R. T., Calhoun, C. C., Et:J.gler, R. M., Patin, T.·
Smith. 1978. ""Executive Overview and Detailed Summary.
Report DSc78-22, U:S. Army Engineer Waterways Experiment
Vicksburg, MS.

Spies; R: B. 1989. "Sediment Bioassays, Chemical. Contaminants and
Benthic Ecology: New Insights or Just Muddy Water?" Mar. Env. Res.,
Vol. 27; pp 73~75.

Wright, T. D., and L. H. Saunders. 1990. "U. S. Army Corps .of Engineers
Dredged Material Testing Procedures." The Environmental Professional,
Vol. 12, pp 13-17.'

Wright,_ T. D. 1978. "Aquatic Dredged Material Disposal Impacts:Syn
thesis Report. Technical Report DS-78-1, U.S. Army Engineer Waterways
Experiment Station, Vicksburg, MS.

Wright, T. D. 1977. "Study Completed on the Effects of Dredging the
Keweenaw Waterway." U.S. Army Corps of Engineers Dredged Material
Research Information Exchange Bulletin D-77-2, U.S. Army Engineer Water
ways Experiment Station, Vicksburg, MS., pp 3-7.

Wright, T. D. 1974., "Is Dredge Spoil Confinement Always Justified?"
Great Lakes Basin Communicator, Vol. 4(12), pp 5-8.

ACKNOWLEDGEMENTS

This paper summarizes investigations conducted under the Dredged
Material Research Program, Long-Term Effects of Dredging Program, Field
Verification Program, Dredging Operations Technical Support Program, and
field reimbursable work funded by the U.S. Army Corps of Engineers.
Permission to publish this material was granted by the Chief of
Engineers.

159



160

·1



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

SEDIMENT CHEMISTRY PROFILES OF CAPPED IN-SITU AND
DREDGED SEDIMENT DEPOSITS: RESULTS FROM

THREE US ARMY CORPS OF ENGINEERS OFFICES,

by

Alex Sumeri,' Thomas J. Fredette,2 Paula G. Kullberg,2

Joseph D. Germano,) Drew A.carey/ and Patricia Pechko'

Vertical sediment chemistry profiles (metals" PAHs, PCBs,
pesticides, and pulp mill wastes) from polluted bottom sediments and
from dredged material disposal deposits which have been capped with
clean or less contaminated sediments exhibit sharp concentration shifts

'at the cap/contaminated layer interface. This observation has been made
independently by three US Army Corps of Engineers offices: the Seattle
District, the New York District, and the New England Division. In the
Seattle District, sediment chemistry profiles were measured in 1984,
1985, and 1989 at a capped contaminated dredged material disposal site
in a depression in the Duwamish Waterway. These results showed no

"change in, vertical contaminant distribution in the five years of
monitoring. In the New York District and the New England Division,
respectiveiy, cores were'taken from capped disposal mounds created
approximately three and 11 years prior to sampling. Visual observations'
of the transition from cap to contaminated sediment ,closely correlated
with the sharp changes in the sediment chemistry profiles. The lack of
diminishing concentration ,gradients, away from the contaminated sediments'
strongly suggests that there has been minimal long-term transport of
contaminants up into the caps. Early test results of other Puget Sound
projects add further evidence to the confidence placed on capping as a
management tool.

Seattle District, US Army Corps of Engineers, Post Off~ce Box 3755,
Seattle, WA 98124-2255

2 New England Division, US Army Corps of Engineers, 424 Trapelo Road,
Waltham, MA 02254-9149

) Science Applications International Corporation, 221 Third Street,
Admiral "s Gate, Ne~ort, RI 02840-6669,

• New York District, US Army Corps of Engineers, 26 Federal- Plaza, New,
York, NY 10007
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INTRODUCTION

The practice of managing contaminated dredged sediments by capping
is becoming more frequently considered and used as an alternative.
Dredging, dewatering, and transporting contaminated sediments to
nearshore or suitable. upland sites can be 5 to 100 times as expensive as
in-water capping (Sumeri and Romberg, 1991). Despite extensive evidence
that capped disposal mounds are stable, there are few data available on
the fate of contaminants buried in the disposal process or the nature of
the cap-mound interface. This has led to questions regarding potential
pathways for migration of contaminants through the cap. This paper
summarizes results from coring studies of capped in-situ and dredged
sediment deposits and should serve to broaden the information base on
which management decisions can rely.

In the first capping trials conducted in the· eastern United states
in 1979 and the early 1980s, ·investigations of cap effectiveness focused
on physical coverage of the contaminated sediments with the cap
sediments and the stability of the cap (NUSC 1979a, b, c, d, e, f,
Morton 1980, Morton & Miller 1980, O'Connor & O'Connor 1983, SAIC 1984a,
Sumeri 1984, Fredette et al. 1988; Bokuniewicz 1989). Questions
addressed included the method of placement, whether sand could be used
to cap mud, the appropriate thickness of the caps, and temporal mound
stability and erosive resistance of the cap to storm induced currents.
Physical coverage was inferred by changes measured with bathymetric
surveys around the disposal point before and after each disposal phase.
However, such surveys could not provide assurance that the sediment
layers remained unmixed or that contaminants were migrating through. the
caps.

In later projects conducted in Puget Sound similar questions and
others were raised including: would burrowing shrimp compromise caps;
was a sand cap effective in isolating Superfund type material; would gas
escaping from capped pulpmill wastes or groundwater flows compromise a
sand cap; and how long could a cap effectively isolate toxic chemicals
from the marine environment.

Direct physical evidence of cap effectiveness through the use of
long cores was first collected in the mid 1980s (SAIC 1984a, Bokuniewicz
1989). The first published example of contaminant isolation below caps
were made by Truitt (1986) as part of the Seattle District's 1984 Puget
Sound capping demonstration project. This Waterways Experiment Station
report, summarizing monitoring for the six-month pe=iod after cap
placement, clearly demonstrated that the contaminants were sequestered
in the deeper layers and that mixing of the layers during the disposal
process was minimal. Our paper supports the results reported in these
earlier studies and examines the longer-term effectiveness of caps
through the use of vertically sectioned cores analyzed for sediment
chemistry. The objectives of these studies were to determine the
distribution of contaminants within the sediment deposits and to assess
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the long term effectiveness of the caps. Results reported in this paper
were independently collected by the Seattle District (and its permit _
applicants), 'the New England Division (NED), and the New York District
of the u.S. Army Corps of Engineers and represent time frames ranging as
'long as 11 years following cap placement.

MATERIALS AND METHODS

New England Division

In July 1990, the DAMaS (Disposal Area Monitoring System) Program
conducted a study of three capped disposal mounds at the Central Long
Island Sound disposal site (Fig. 1). Two of the mounds, STNH-N and-
STNH-S, were created in 1979 during dredging of the Stamford and New
Haven harbors, and the third, Cap Site 2, was created in 1983 with
material from-Black Rock and New Haven harbors. This paper addresses
only theSTNH-N mound. ,Data from all three mounds will- be discussed in
a future report (Frede~te et a~. 'in prep).

Sediment placement at' STNH-N, in 1979 was accomplished at a taut
wire moored buoy to assure that the formation of the mound would be as
compact as possible (Morton 1980, Morton 1983, Bokuniewicz 1985).
Placement of the contaminated sediment was accomplished by disposing the
sediments from pocket barges which had been filled by a clamshell
dredge. Cap material was disposed from a hydraulic hopper dredge.
Approximately 33,000 m3 of sand from outer New Haven Harbor was used for
the cap, placed over approximately 26,000m3 of contaminated mud from
Stamford Harbor, CT. The capped mound was approximately conical, 'having
a maximum thickness of 3.5 m and a diameter of about 400 m (Morton and
Miller 1980, Morton 1983, Bokuniewicz1985).,

Field'operations to collect sediments consisted of coring with ,two
different types of equipment. Due to the nature of the sediments (sands
to clay), a large-diameter gravity'corer (LGC) and vibracorer were used.
Both of these corers had an inside diameter of 10.2 em (4.0 inches).
Five cores were collected and were analyzed for geochemistry.
Geochemistry cores were collected in a cross-shaped sampling array with
one statipn iocated at the center and the remaining four taken 25 to 80
m from center (rig. 2). Most cores brought on deck were,l.S to 2.0 m in
length, with all,the cores penetrating the cap into th~ underlying
contaminated sediments.

The cores were split lengthwise on deck and visual descriptions of,
the cores, _keyed to depth, were made. The cores were then section~d

into 20~centimeter intervals and refrigerated (2-4 °C)'for later
analyses of grain size and chemical contaminants by the NED and NED
contract laboratories. All cores taken for geochemical analyses were
analyzed for three heavy'metals (Cd, Cu, Zn) and total 'petroleum
hydrocarbons which were known to be elevated in the contaminated
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Figure 2.' Location of geochemistry cores taken at the STNH:-N capped.
mound.

·1
,I

I
I
I

Stamford sediments. ' Three cores were analyzed for PAHs and one core was
analyzed for PCBs and pesticides which were also suspected to be present
although they were not initially tested for in 1978.•

New York District

The majority of the work and data described for this section is
based on studies conducted for the New York District and reported by
O'Connor and Moese (1984) and ~okuniewicz (1985).

In 198Q,.390,000m3 of silt and clay were dredged. from New York"
Harbor and discharged at a taut-wire moored buoy located at the' Mud Dump
Site (73 0 50' .W, ,400 22' N). The material came from six different ..
projects, and pre-~redging heavy metal contaminant levels were high but
variable for the six projects. The mean sediment concentrations ofC~

I
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ranged from 4 to 14 ppm; Cu, from 221 to 3,565 ppm; Zn, from 333 to
10,201 ppm; and Pb, from 255 to 3,168 ppm (New York University Medical
Center 1982). The disposed contaminated material formed a fairly
compact mound (O'Connor and O'Connor 1983). This mound was,then capped
with 91,000 mJ of mud, followed by 938,000 m3 of sand (Freeland et al.
1983) .

Vibracore samples were taken at the Mud Dump cap site in 'July 1983
under the direction of the New York District, Corps of Engineers.
Analysis of the cores was conducted by the Marine Sciences Research
Center (MRSC), SUNY Stony Brook. Core samples ranging up to 4 m in
length were taken at eight stations on the mound. At MRSC, the cores
were subjected to X-ray analysis to determine the thickness of the sand
cap (Bokuniewicz 1985). Following X-ray analysis, the cores were
subsampled at various depths below the sediment-water interface, within
the measured sand-silt interface, and .below the cap. All subsarnples for
chemical analysis were placed in solvent-washed. glass jars with Teflon~

lid-liners, kept refri~erated at 2-4 °c, transported to the laboratory,
and frozen (-20°C) until analysis for Cd, Cu, Pb, Zn, PCBs, and DDT and
its metabolites (O'Connor and Moese 1984).

Seattle District

Capping and confined aquatic disposal (CAD) have been use~ for four
projects in Puget Sound and these management techniqUes are being
considered or have been proposed. for several projects (Sumeri 1989)
(Fig. 3). Monitoring results from two of the completed projects are
reviewed here: The Duwamish Waterway CAD and capping at the: Denny Way
Combined Sewer Overflow (CSO). Although monitoring for- these projects
included biological, physical, and chemical evaluations, the following
discussions will be limited to the latter two topics. Also, the cap
placement methods, critical for capping and· smaller ,CAD projects,' are
briefiy discussed. Results from other projects, while not included here
can be found in Parametrix (1987a, 1987b,' 1989, 1990a, 1990b).

Duwamish Waterway CAD

In 1984 the Duwamish Waterway in Seattle was the initial Northwest
site for confined aquatic disposal (CAD) of contaminated dredged
material using capping (Sumeri 1984). The Seattle District was faced
with expeditious dredging and disposing of a small' shoal in the lower
Duwamish Waterway which 'limited navigation to 25' feet in the' 30-foot
federal project, drastically affecting commercial navigation.
Evaluation of the shoaled sediment, a fine, sandy clayey silt,
determined that confined aquatic disposal (CAD) was the preferred
management ·option.' Contaminants included PCB 1242 (1400 ppb), PCB 1260
(3100 ppb), Aldrin (180 ppb), 4-4 DOD (80 ppb), 4-4 DOE (30 ppb),
Acet0ll:e '(494 ppb), Methylene Chloride (805 ppb), Cd (1.4 ppin), As (22
ppm), Cu (130 ppm), Pb (190 ppm), Zn (359·ppm).
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Pigure 3. Puget Sound CAD and Capping Projects.
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~ _Exi8t~ng-CAD_'Site

~ Existing Capping Site

10 Proposed CAD Site

_0 ~ro'~sed Capping Site .

c=J Potential CAD Site

.V Potential Cappi~g ·Site

1 Duwamish Waterway CAD
2 One Tree: Island Marina CAD
3 Simpson Tacoma Kraft Co. capp~ng

4 Denny Way CSO Capping -
5 Pier 53 Capping
6 Lake Onion Capping
7 Elliott Bay Bot Spots Capping
8 Commencement Bay Superfund-CADI

Capping
9 Eagle Harbor·Superfund CAD/capping
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The CAD site selected was a 100'x 400'x a'deep dredged borrow pit
in about 70 f~et of water with gradual ~ide slopes in the 750' wide West
Waterway of the lower Duwamish River.(Fig. 4). The contaminated shoal.
was dredged by clamshell into a 1ao'x 50' split-hull. bottom-dump barge.
Approximately 1100 c.y. of contaminated sediment was disposed in,the

'.....

"...

Non.: CGITf:a.l.S:·allll~"'PTMS_HIT
IELOW."TERILIRFACE

- -

, '

I

Figure 4. Duwamish Waterway- CAD site core locations.

depression .and capped with three, survey-positioned bargeloads (4200
c.y.) of clean medium/fine uniformly graded ~and maintenance dredged
from the upper Duwamish Waterway. A cap with a mean thickness of 2 feet
was placed by "sprinkling" sand at three to four locations per load at
an average rate of 27 c.Y./min. from the incrementally opened 1400 c~y~

barge while held in place by two tugs. This slow capping procedure was
believed to minimize displacement of the contaminated sediment by
rapidlyconsoiidating and stabilizing the fine-grained material.
Hydrographic surveys between barge dumps allowed evaluation 9f capping
material coverage and adjustments in barge positions during succ~eding

dumps.

168



I
I
I
I
I
I

I
I
I
I
I
I,
I
I
I
I

The project 'was moniiored during ~redging, dis~osal, and after
disposal (at 6 months, 12 months, and 18 ~onths). Vibracore sediment
samples were analyzed for total 'concentrations of PCBs,Cu, Pb, and Zn
at 4-cm intervals. These chemicals served as tracers to track potential
movement of contaminants through the sand cap.

In Ap~il 1989, at the 5-year point of the p~oject, Seattle District
and the Washington:Department of Ecology (DOE) c~operated in additional
monitoring of the cap. 'Three-vibracore samples were taken along the
length of the project, at the thickest part of the cap as close as
possible to the,vibracore samples taken l8-months after capping. Two
cores were extracted within 5 feet and the third wit~in 15 feet of the
l8-month core lot~tiori~. The core ,tubes were carefully cut open
lengthwise and samples ,for chemical' analysis were taken from one foot
below the cap and 6", 12", and l8"above the contaminated and cap'
materials interface. The samples were analyzed for cu,Pb, Zn, and
PCBs.

Denny Way CSO

The bottom sediments in the area off the Denny Way Combined Sewer
Overflow (.eSO) have been prioritized as one of, the most contaminated
areas of the 32 toxicant "problem areas" identified in Seattle's lower
Duwamish River and Elliott Bay (Sumeri-& Romberg 1991). Maximum
sediment contaminant concentrations in the vicinity of the Denny Way CSO
included Pb' (478 ppm), Hg (2.2 ppm); Zn (472 ppm), and total low and
high molecular weight Polynuclear Aromatic Hydrocarbons (LPAH,' 189.9
ppm; HPAH, 158.8 ppm). A CSO control plan and source control activities
were implemented to greatly reduce toxicant loading in the future.

A joint CorpsjMETROproject capped approximately three acres of
contaminated, sed,i;.ments in the vicinity of the Denny Way CSo with a two
and-one-half foot thick sand in March 1990 (Fig. 5). The placement
method was similar to the Duwamish CAD project except placement of the
sand was controiled'more accurately by an automated sand-spreading
system. Clean sands maintenapce dredged from the upper Duwamish
Waterway were transported to the Denny Way site by bottom dump barge.
Barges were opened about 6 degrees and moved sideways to sprinkle a 128
foot-wide sand blanket. A mean cap thickness of2.6 ft~ was placed
between Elevations -20 and -60 (MLLW).

Monitoring included hydrographic surveys before, during, and after
cap placement, dissolved oxygen testing during cap placement, divers
measurements of cap thickness rods, and settlement plates thickness,
surface grab sediment sampling to measure cap chemistry for
recontamination and, benthic taxonomy to evaluate recolonization, a video
camera survey to view overall bottom condition, REMOTS' camera survey to
evaluate cap recolonization, coring through the cap with sediment
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Figure 5. Denny Way eso capping site.

chemical testing at six-inch intervals to determine cap effectiveness in
isolating chemicals.

Three sediment cores were collected two months after' cap placement
to provide baseline data on the distribution of chemical~ within the
cap. A diver-operated hydraulic hammer was used to drive a 4 inch .
diameter thin-walled aluminum coring tube through the cap at stations.
"N", "0", and' "P" shown in Figure 5 •. Each of these three' c.o.re samples
was cut into five 6-inch long sections and analyzed for both metal and
organic priority pollutants. One section was from below the cap while
the other 4 sections were all from within the lower two feet of the cap.
A one-inch thick section of sediment at the bottom of the cap was
omitted to insure good distinction between the cap and underlying
sediments.

170



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

RESULTS

New England Division

Pre-dredging (1978) bulk chemistry tests performed on Stamford
Harbor mud showed relatively high levels of heavy metals (Cd, from 4.9
to 45.3 ppm; Cu, from 342 to 1,167 ppm; Zn, from 441 to 2,417 ppm). Oil
and ,grease ranged from 3,560 to 28,900 ppm. At that time, measurements
of PARs, PCBs, and pesticides were not part of the Corps of Engineers
sediment sampling guidelines.

Bulk chemistry on the outer New Haven Harbor sand used as cap was
inferred from results of several samples taken in the channel area in
1971 and 1977. Oil and grease measured in the outer New Haven Harbor
sand prior to dredging ranged from 90 to 3990 ppm. Metal concentrations
in the predredged cap materials exhibited much lower ra~ges (Cd, 0.1'
ppm; Cu, from 9 to 152 ppm; Zn, from 14 to 162' ppm) than those of the
Stamford material.

The five cores collected at STNH-N in July 1990 all showed distinct
visual transitions from the sand cap into the contaminated mud. The
apparent zone ,of transition being less than 10 cm. Cap thickness ranged
from 54 to 140 cm. For each of the five cores, metal (Cd, Cu, Zn)
levels were,sharp1y higher within the mud layer (Tables 1-5), usually by
one order of magnitude or more. Values within each layer generally
agreed in magnitude with the predredging'samp1ing results at the
respective sources. Levels of total petroleum hydrocarbons, also
analyzed in all five cores, were 'two orders of magnitude higher in the
mud layer in three of the cores (40W, 40N,Center) and one order of
magnitude higher in ,the other two cores.

Petroleum aromatic hydrocarbons (PARs), which were expected to be
present in the contaminated sediment, were analyzed in three cores (40N,
Center, 60E). Levels were an order of magnitude greater in the
contaminated mud layer in two of the cores (Center, 60E). Likewise,
levels of PCBs and pesticides, measured in qnlyone core (40N), were'one
to two orders of magnitude higher within the mud beneath the sand cap.
Most pesticides and some PARs were below the detection limit along the
entire depth of the cores.

However, the 40N core exhibited a secondary, low peak of
contamination above the cap interface (84 cm) 'in the 40-60 cm section
(Table 3). This was evident especially' in the organic compounds. It is
still unclear at this time whether this was a pocket of fine sediments
or a front, either stationary or active, of.contamination transported
with the pore water. Grain size analyses were still incomplete during
manuscript preparation and could not be used to help resolve this'
question. Core 60E. also showed a moderate peak of Zn in the 20-40 cm
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section (~able 2), although spiked quality control tests revealed that
Zn results were inconsistent.

Table 1. Chemical Concentrations in Core Sections from Station - Center, STNH-N.
All Values are in ppm. Core Sections 0-20 and 20-40 were not Analyzed..
The Sand-Mud Interface was Observed at 111·cm Depth.

Core CADMIUM COPPER ZINC PETROLEUM NAPTHALENE ACENAPHTHYLENE
Depth(cm) HYDROCARBONS

0-20
20-40
40-60 0.5 2.3 10 6.5 * 0.2 * 0.1
60-80 0.77 8 16 9.1 * 0.2 * 0.1
80-100 0.65 4.1 17 8.5 * 0.2 * 0.1
100-120 27 700 990 2600 0.84 0.24
120-140 19 630 860 2900 0.5 0.4
140-160 20 550 860 2200 * 0.2 * 0.1

ACENAPHTHENE FLUORENE PHENANTHRENE ANTHRACENE FLUORANTHENE PYRENE
0-20
20-40
40-60 * 0.03 * 0.05 * 0.05 * 0.2 * 0.8 * 0.01

·60-80 * 0.03 * 0.05 * 0.05 * 0.2 * 0.8 0;04
80-100 * 0.03 * 0.05 * 0.05 * 0.2 * 0.8 0.02
100-120 0.43 0.56 3.1 9 22 88
120-140 3.6 7.1 2 4.2 34 8.7
140-160 * 0.03 * 0.05 * 0.05 * 0.2 * 0.8 0.02

BENZO(A) BENZO(IO BENZO(A) CHRYSENE BENZO(B) DIBENZO(AH)
ANTHRACENE FLUORANTilENE PYRENE FLUORANTHENE ANTHRACENE

0-20
20~40

40-60 * 0.005 * 0.5 * 0.1 * 0.1 * 0.3 0.1
60-80 0.006 0.5 0.1 * 0.1 * 0.3 0.1
80-100 * 0.005 0.5 0.1 * 0.1 * 0.3 0.1
100-120 1.8 3 8 7 11 0.5
120-140 9.5 25 30 27 .92 16
140-160 0.006 0.5 0.1 * 0.1 * 0.3 0."

BENZO(GHI) INDENO( 123-CO)
PERYLENE PYRENE

. 0-20
20-40
40-60 * 0.2 * 0.05
60-80 0.2 0.05
80-100 0.2 0.05
100-120 3.8 2.3
120-140 - 35 8.3.
140-160 0.2 0.05

* Reported Detection Limit
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Table i. Chemical Concentrations in Core Sections 'from Station - 60E, STNH-N.
All Values in ppm. The Sand-Mud Interface was Observed at 97 cm Depth.

Core CADMIUM COPPER ZINC PETROLEUM NAPTHALENE ACENAPHTHYLENE
DepthCcm) HYDROCARBONS

0-20 • 0.5 5.3 21 6 • 0.2 • 0.1
20-40 0.84 3 122 7.8 • 0.2 • 0.1
40-60 0.6 3.8 17 4.1 . • 0.2 • 0.1
60-80 0.81 3.9 22 3.9 • 0.2 • 0.1
80-100 8.1 190 300 100 • 0.2 • 0.1

ACENAPHTHENE FLUORENE PHENANTHRENE ANTHRACENE FLUORANTHENE PYRENE

0-20 • 0.03 • 0.05 • 0.05 .. 0.2 • 0.8 • 0.01
20-40 • 0.03 • 0.05 • 0.05 • 0.2 • 0.8 • 0.01
40-60 • 0.03 • 0.05 • 0.05 • 0.2 • 0.8 0.04
60-80 • 0.03 • 0.05 • 0.05 • 0.2 • 0.8 • 0.01
80-100 • 0.03 0.11 0.23 1.03 1.82 1.22

BENZOCA) CHRYSENE BENZOCB) BENZOCK) BENZOCA) DIBENZOCAH)
ANTHRACENE FLUORANTHENE FLUORANTHENE PYRENE ANTHRACENE

0-20 • 0.005 • 0.1 • 0.3 • 0.5 • 0.1 • 0.1
20-40 • 0.005 • 0.1 • 0.3 • 0.5 • 0.1 • 0.1
40-60 0.01 • 0.1 '. 0.3 • 0.5 • 0.1 • 0.1
60-80 • 0.005 • 0.1 • 0.3 • 0.5 • 0.1 • 0.1
80-100 0.5 1.75 1.38 1.06 0.5 . 0.22

BENZOCGHI) INDENOC123-CD)
PERYLENE PYRENE

0-20 • 0.2 • 0.05
20-40 • 0.2 • 0.05
40-60 • 0.2 ' • 0.05
60-80 • 0.2 • 0.05
80-100 0.72 0.26

• Reported Detection Limit
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Table 3. Chemical Concentrations in Core Sections from Station - 40N, STNH-N.
All Values in ppm Except for PCBs_and Pesticides as ppb. Core Section
0-20 was not-Analyzed. The Sand-Mud Interface was Observed at 84 cm Depth.
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Table 4. Chemical Concentrations in Core Sections from Station
40S, STNH-N. All Values are in ppm•. Core sections 20-40
and 40-60 were not Analyzed. The Sand-Mud Interface was
Observed at 140 cm Depth.'

Core CADMIUM COPPER· ZINC PETROLEUM
Depth(cm) HYDROCARBONS

0-20 * 0.5 4.9 21 11
20-40
40-60
60-80 * 0.5 2.8 13 12
80-100 3.8 7.3 38 12
100-120 4.3 28 68 82
120-140 3.3 18 49 40
140-160 9:8 310 560 270
160-180 6 81 160 30

* Reported Detection Limit

Table 5. Chemical Concentrations in Core Sections'from Station
40W,' STNH-N.' All Values are in ppm•. The Sand-Mud
Interface was Observed at 54 em Depth.

Core CADMIUM COPPER ZINC PETROLEUM
Depth(cm) HYDROCARBONS

0"20 2.3 5.4 26 16
20-40' * 0.5 3 21 11
40-60 8.2 100 160 460
60-80 8.3 180 305 ' 5400
80-100 27 730 1000 8300

- * Reported Detection Limit
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New York District

Bokuniewicz (1985) reported that the vibracores taken in 1983
through the capped mound (3.5 years after capping took place) showed a
sand layer with an average thickness of 1.1 m and a very sharp interface
between the sand and the mud.", Sand coverage of the mound was good and
there appeared to be very little intermixing between the layers. Grain
size distribution in the cores showed that the sand to mud transition
occurred over a distance of less than a few centimeters.

O'Connor 'and Meese (1984) noted that at the location of each of the
eight sediment cores retrieved from the Mud Dump, the sand used as
capping material 'was expected to have fairly constant characteristics.
However, they indicated also that the underlying, finer-grained material
was expected to be comprised of sediments from several different sources
having varied physical and chemical characteristics, with 'dry weight
metals concentrations ranging over several orders of magnitude. PCB
concentrations in the source materials were relatively more uniform
(O'Connor and Moese 1984).

Metals profiles in the vibracores of capped material showed that,
in general, metals concentrations in the mud just below the sand-mud
interface were an order of magnitude greater than the concentrations in
the upper layers of the sand cap (Table 6). In all cases the'
concentrations in the interface region were less than concentrations 5
to 10 cm below the interface. Also, in most cases, PCB levels below the
sand cap were at least, a factor of, two greater. than concentrations in

. the sand cap. Pesticides were detected as trace only in'the interface
and deeper samples (0.05-0.2 ppm).

O'Connor and Moese (1984) indicated that there appeared to be
little or no vertical gradient in metals concentration between the
interface region an~ the upper portion of the sand cap. Hence, they
concluded that, in the 3.5 years since cap placement, no gradient had
been established to suggest that a'flux of metallic contaminants9ut of

,the muddy portion of the deposit and into, the cap had occurred.:
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Seattle District'

Duwamish Waterway CAD

The post-capping 6-month, l2-month, la-month, and S-year sediment
chemistry profiles all showed. similar results, although the core
sections analyzed for each date varied. The interface between the
contaminated and cap sediments was observed to be sharp and relatively
unmixed in all cores. Chemistry profiles provided no indication of.
diffusion of contaminants into the sand cap (Table 7). The la-month and
S-year sediment chemistry sand cap concentrations matched almost exactly
(Fig. 6). Although values in the contaminated layer were more
heterogeneous, the concentrations from the two cores taken closest to
each other were very similar (Cores Q·and R).

Table 7. Chemical Concentrations in Core Sections from
the Duwarnish River CAD Project. Five Years
After Capping.

Feet from Metals (ppm) PCB's (ppb)
Station Cap/Sediment Copper Lead Zinc 1242 1254 1260

Interface

Q 1.5 16.1 7.8 56.3 <20 U 155 420 U
1 12.3 3.6 49.8 <20 U <20 U <20 U

0.5 12.8 4.4 52.5 <20 U 125 <20 U
-1 133 165 338 6200 6300 2300

R 1.5 13.5 4.5 48.8 <20 <20 <20
1 13.4 3.8 51.3 <20 <20 <20

0.5 12.1 4.6 50.4 <20 <20 <20
~1 138 195 430 650 1500 . 600

S 1.5 15.2 7.5 54.6 <20 50 <20
1 12.7 5.6 51. 6 <20 <20 <20

0.5 12 3.5 47.5 <20 <20 <20
-1 102 172 264 140 220 170
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Denny Way CSO

Vertical profiles of the sediment chemical data showed a sharp
break between the low chemical concentrations in the cap and the
substantially higher concentrations in the sediments underly{ng the cap
(Sumeri & Romberg 1991). Figure 7 shows a good example of how metal
concentrations at stations "0" and "N" were nearly uniform throughout
the cap and at the surface. Metal values were generally low and
frequently below detection limits for Ag and Cd. Few organic chemicals
were found in the.capping material. Typitally, less than 6 compounds
were above detection limits and these were uniformly low throughout the
cap. The most frequently detected organics in the cap were
phenanthrene, fluoranthene, and pyrene which were found only slightly
above the detection limit in three out of four ,of-the cap sections (Fig.
8). Sediment samples from below the cap all contained about 20 organic
compounds most at concentrations 1 to 2 orders of magnitude'greater than
in the c~p. Many organics in the cap were below detection limits.

·The core at station uP" was different because it contained a 4 irich
thick layer of clay about mid-depth in the cap. The section containing
clay had elevated levels of both metals and organics as indicated by the
example for mercury shown in Figure 9. The physical characteristics of
this clay was much different than the underlying sediment and appeared
to be a clay ball that was dredged up with the clean sand.
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, Figure 8. Mercury sediment concentrations at Station P.
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DISCUSSION AND CONCLUSIONS

. .
Capping appears to offer· a management option that will b~effective

for the long-term isolation of.contaminated sediments from the
. surrounding environment. Although the breadth of experience'is still
relatively small, the evidence on, our ability to create caps and on cap

. _,effectiveness is rapidly increasing as follow-up surveys of such sites
continue. Many of the questions about the effectiveness of caps to
contain contaminants and their·long-term stability can now b~ answered
with greater certainty.

The field studies presented here all,provide strong evidence of the
ability to layer sediments using surface disposal equipment and
precision navigational contr9l during disposal. Little apparent mixing
was observed at the cap/contaminated interface in any of the deposits,
with the ,transition taking place over only a few centimete~s. A couple
of' instances of heterogeneity of contcminant levels in the caps were
observed. The contaminant levels obse~vedin these cases were
relatively low compared to the contaminated sediments and were believed
to be associated with finer material dredged along with the sand caps
used in these projects. Levels of heterogeneity observed here should be
expected, and need to be taken into account when interpreting future
coring results relative to chemical migration within the cap.

Following cap completion, the contaminants associated with the
capped sediments~' both heavy metals and organics, appear to be

, '

stationary within the sediment column. The Duwamish Waterway provides
the most direct evidence of this, in that there was no discernible
change in the four years between ·samplings. Although rio baseline data
were collected for the Mud Dump and STNH-N projects, those results also
support this conclusion. In the case of the STNH-N mound, more than· 11
years has elapsed 'since initial placement, and overall the data indicate
that no discernible transport has occurred.

The lack of contaminant movement within these deposits. is not
surprising given the affinity of 'contaminants for fine' sediments (see
review in pequegnat et al. 1990) and considering results from predictive
laboratory tests. The sorptive capacity of sediments for metals and
organics is demonstrably very' large and contaminant release to pore
waters is minimized by maintaining the sediments in an anaerobic state.
Thus, as Brannon et al. (1984, 1985) have shown in laboratory column
tests, contaminant transport to the water column is not to be expected.

Even if contaminants were released to the pore water, the cap would
act as both a filter and buffer during consolidation and diffusion. As
pore waters move up into the relatively uncontaminated cap, these
sediments can be expected to scavenge contaminants so that any pore
water that travelled completely through the cap theoretically would
carry a relatively small contaminant load to the water column:.
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Furthermore, through-cap transport can be minimized by using a cap that
has sufficient thickness to contain the entire volume of pore water that
leaves the contaminated deposit during consolidation. For example~

Bokuniewicz (1989) has estimated that the pore water front emanating
from a consolidating two-meter-thick mud layer would only advance 24.cm
into an overlying sand cap.

Long-term cap success is also dependent upon the ability of capped
deposits to withstand storm events. Experience in Long Island Sound
following Hurricanes David and Gloria showed that caps generally were
resistant to erosion (Morton 1980, SAIC 1989, Fredette et al. 1988). On
the only two mounds where· erosion was observed, it involved newly
completed caps in the early stages of consolidation. Nevertheless, the
caps were sufficiently thick such that only a low proportion of the cap
layer was removed. Although it was not needed, had the caps been
severely eroded they could have been restored to their pre-storm
thickness with additional dredged sediments.

Capping can be an extremely low cost and environmentally preferable
method of managing contaminated sediments relative to other alternatives
such as upland disposal, diked sub- or intertidal containment, or
confine~ aquatic disposal. Success depends .on good planning and
attention to operational controls. Instances where capping has been
less successful than anticipated can usually be traced to operational
difficulties or inexperience (Allard 1987, NED 1990, SAIC 1984b).
However, all of these experiences and the increasing evidence of the .
success of this technique will allow continued refinement of cap design
guidelines (Shields and Montgomery 1984, Gunnison et al. 1987, Truitt
1987a, 1987b, Palermo, 1989, 1991) and increased expectations for
success.
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USE OF DREDGED MATERIAL TO RESTORE WETLAND HYDROLOGY
AND INTERTIDAL ELEVATIONS TO SUBSIDED SITES

IN SAN FRANCISCO AND SAN PABLO BAYS, CALIFORNIA

Mary C. Landin, PhD 1

Thomas R.Patin, PE 2

Scott P. Miner 3

INTRODUCTION

Dredged material has been used for marsh restoration and
creation for a number of years by the U. S. Army Corps of
Engineers, and is considered a beneficial use of dredged material
(Headquarters, u.S. Army Corps of Engineers 1986). On the west
coast, beneficial uses of dredged material have occurred in
numerous ways, primarily for commercial and urban development.
However, natural resource use of- dredged material has paralleled
other uses in the States of Oregon, and are being applied more
frequently in Washington and California (Landin 1991a).

Since early settlement of lands surrounding the San
Francisco Bay system (including San Pablo Bay), most of the
system's natural salt marshes have been lost to agricUltural
diking, fill, urban development, and industrial uses. This has
led to a variety of impacts such as decreased water quality, loss
of fisheries habitat, and several wildlife species dependent upon
the salt marshes being placed on federal and state endangered
species lists.

According to Miner (1991), opportunities for marsh
restoration using dredged material in the San Francisco Bay system
are at a historic high. Increased regulatory restrictions from
regional, state, and federal agencies on in-bay aquatic dredged
material disposal coincide with encouragement to aims towards "no
net loss of wetlands" and a general ecological recognition of the
importance of lost salt marshes within the Bay. Miner (1991)
reports three causes that have constrained the use of dredged
material for Bay marsh restoration in past years except in limited
cases. These are (a) the relatively low cost of in-bay aquatic
disposal; (b) the lack of suitable inexpensive sites along the
shorelines within reach of dredging channels; and (c) the
prohibition of any new fill in open water, including dredged
material, established by the San Francisco Bay Conservation and
Development Commission's Bay Plan. Under the latter restriction,
in-bay aquatic sites already in use, such as Alcatraz Island,
could continue to be used for dredged material placement, although
this practice continues to be a source of great controversy and
much discussion among agencies responsible for the Bay. .

1 Research Biologist, U. S. Army Engineer Waterways Experiment
station, 3909 Halls Ferry -Road, _Vicksburg, MS 39180-6199

2 civil Engineer, u.s. Army Engineer waterways Experiment
Station,. 3909 Halls Ferry Road, Vicksburg, MS 39180-6199

3 Ecologist, u.s. Army Engineer District, San Francisco, 211
Main Street, San Francisco, CA 94105
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An opportunity has arisen for beneficial uses of dredged
material from several "new work" dredging projects within north
San Francisco Bay (San Pablo Bay) to restore salt marsh on
approximately 3200 acres at four subsided sites. These .sites were
formerly agricultural, commercial, and/or institutional, and are
owned by the u.S. Army, the State of California, the Sonoma
Land Trust, and the u.S. Fish and Wildlife Service. The U.S. Army
Engineer District, San Francisco (SPS) , with assistance from the
u.S. Army Engineer Waterways Experiment station (WES) has been
working with landowners and would-be marsh restorers to provide
technical information that may will lead to use of suitable
dredged material for marsh restoration in the Bay. .

During the same time period, as a habitat development
demonstration site under the U~S. Army Corps of Engineers (USACE)
Dredged Material Research Program (DMRP) , a marsh restoration
project was carried out using silt dredged material. In the early
1970's, the u.S. Army Corps of Engineers used material from
dredging to restore 100 acres of salt marsh in an old, subsided
salt pond in South San Francisco Bay near Hayward, california,
called .Salt Pond #3 (SP3) (Landin 1991b). The site has been
monitored since that time and compared to natural marshes in the
vicinity (Landin, Webb, and Knutson 1989). SP3 data collected for
the past 17 years give a detailed performance of the ecological
succession of dredged material placed and planted or colonized as
salt marsh. Information gained from SP3 in the south bay and
another dredged material marsh, Muzzi Marsh near Tiburon,
California, are being used as background data in designing the new
sites ..

San Francisco Bay tidal fluctuations provide for an
intertidal zone ranging from exposed mud flats.near -3.0 MSL to
highest marsh zones near +6.0 MSL. The four potential marsh
restoration sites range from -4.0 to +2.0 MSL. Salt marsh in the
San Francisco Bay system grows best at +2.5 to +5.0 MSL, and large
quantities of dredged material will be needed to restore
intertidal elevations. .If dikes that protect these sites were
simply breached, large expanses of 'open water would result, with
some exposed mud flat. An unproven hypothesis that strategic dike
breaching would result in silt accumulation over several decades
that would colonize as salt marsh has been discussed for a number
of years, but not tested. In the near term, goals for proposed
projects range from highly specific endangered species
requirements to an overall ecological restoration that will
~ccommodate a wide range of salt marsh dependent animals.

GENERAL ENGINEERING APPROACH

Structural design and engineering designs and management
will be needed where dikes must be breached, tidal channels
restored, and topographic variation needed. Design and '"
implementation of the planned and proposed salt marshes are
cooperative efforts of several state, federal, port, and private
offices.

Since dikes are in place at each proposed site, and' ground
water levels are maintained in all of the proposed sites with
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pumps, working with the existing infrastructure is necessary. In
addition, at each site, there are site-specific buildings,
raised ,rights-of-way for railroad tracks and highways, power
lines, cross-dikes for work access, waste treatment equipment, and
other features that will have to be addressed.

The general approach to an overall plan has been to first
make all arrangements for existing buildings and infrastructure
(relocate, abandon, tear down, incorporate into overall plan,
etc.). Construction of any interior retention dikes needed to
train the dredged material would take place. This would be
followed by pump removal if necessary. After all structures and
other features had been accommodated, placement of suitable
hydraulically-pumped dredged material at controlled depths would
occur that would result in consolidation to an intertidal
elevation. ,After dredged material was in place and dewatered
SUfficiently to allow working on the sites, secondary tidal
channels would be created, and islands (or mounds) formed to
provide topographic relief in the marsh. Only after all of these
marsh features were in place would dike breaching occur, and would
be carried out in such a manner as to prevent breach failure and
to provide stable intertidal channels into the sites. There are
variations to this general approach discussed under the four
proposed sites.

BACKGROUND INFORMATION SITES

SALT POND #3 (SP3)

The 100-acre SP3 site was actually begun in 1972, prior to
the start of the DMRP, by SPS (Figure 1). When the adjacent
Alameda Flood Control Channel was dredged, a nearby disposal site

,had to be found. San Francisco Bay has 240 square miles of diked
open land, much of which are salt ponds. In South San Francisco
Bay, the dominant uses of open land are salt ponds, a federal
wildlife refuge, and a combination of both (salt ponds on·refuge
property). One of the salt ponds now owned by Alameda Flood
Control District, formerly owned by Leslie Salt Company, was used
for placement.

The dike of this salt pond adjacent to the Bay had been
breached prior to 1974, and had not revegetated even when
intertidal flow had been introduced. The dike was re-closed ," and
after the fine silt dredged material was placed, the material was
allowed to dewater for several months. Then the dike was breached
again and a tidal channel excavated for approximately 2/3 the
length of the site to allow intertidal exchange. In 1975-76,
approximately five acres of the lowest intertidal zone was planted
as an experimental site under the DMRP using three native species
typical of California marshes, Pacific cordgrass (Spartina
foliosa), Pacific glasswort (Salicornia pacifica), and pickleweed
(Salicornia rubra). The rest of the site colonized in glasswort
and pickleweed over a period of several years.

From the original dike'breach and the cut tidal channel,
several natural tidal creeks formed in the lowest elevations in
SP3. By 1982, the entire 100-acre site was completely vegetated
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Figure 1. The location of the Salt Pond 3 salt marsh
restoration site and its three natural reference marshes.
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with the exception of one small salt ·flat. Until.·1987, the site's
lower 1/3 was dominated'by Pacific cordgrass, with some
pickleweed, and the upper 2/3 vegetation consisted of only
pickleweed and glasswort (Landin, Webb, and Knutson 1989). By
1991, several significant changes have been noted (Landin. 1991).

Erosion of existing marshes in the south bay is occurring at
a rapid rate, and the marshes are not being replenished with new
sediment. A 150-ft natural salt marsh in front of the SP3 dike
existed in 1974; it has completely washed away. In addition, the
protective d{kehas eroded, and the breach was widened from a 100
ft cut to'over 300 feet wide. This sediment, or sediment from the
bay, has accumulated at lower elevations in the SP3 marsh. The
result has been an elevational change, in some places up to four
feet higher than the original dredged material after
consolidation. vegetation has changed to a narrow fringe of
Pacific cordgras~, with the rest of the entire site completely
dominated by glasswort and pickleweed;

During long-term monitoring, SP3 was compared to three older,
natural salt marshes in the vicinity. In its earliest stages, SP3
did not resemble these marshes, . sinc.e they were older.' and
dominated by pickleweed. However, there is little difference
between the three natural marshes and SP3 after 17 years. All are
being eroded, and all are dominated by pickleweed. Although fish
and benthos was not monitored (lack of sufficient funds), wildlife
use of the 4 sites was observed, and the SP3 had significantly
higher and more d~verse wildlife use throughout its first 15 years
than the three natural marshes, especially in its earliest
ecological stages (1974-198Z). .

Alth9ugh a number of agency representatives in the Bay area
believe that the dredged material in SP3 was placed too high, the
fact that. the site vegetated with salt'marsh as planned is
important. The erosive forces and their results have had a more
profound consequence than the depth of the dredged material.
Another factor in the complete dominance of pickleweed is that the
old, salt pond soils still contain up to ~OO ppt salt, and only
pickleweed can tolerate that salinity level.

MUZZI MARSH

Mu~zi Marsh was built for .mitigation and~for placement of
dredged material in the late 1970's. 'A diked area was filled
with dredged material, and the dike breached. This site was
filled much too full of dredged material prior to its development
as a salt marsh. As a result, only a part of the site is
interti~al marsh, and the rest of the old disposal site is open
natural upland. Both of these habitats are scarce in the Bay
area.

Muzzi. Marsh has been monitored to ·some extent by Dr. Michael
Josselyn, Center for Wetlands.Studies, Tiburon, California. In
addition, SPS has maintained an interest in this site because it
is still Subject to wetland regulation. '

Although the site has not been compared to any natural'
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sites, it is a highly productive site with much wildlife use. It
also is eroding near the ,breach, but not as rapidly as SP3 and
other areas in the south bay. This site is frequented by bird
watchers, and such natural use of the site is encouraged.by all
agencies. The old retention dikes are used as hiking, jogging,
and nature tra~ls. There is room to expand the salt marsh to
nearby "waste II areas with reclamation potential through mitigation
requirements.

DELTA SITES

outside the Bay", in the Sacramento/San Joaquin Delta, two
old diked sites, Donlin Island and Venice Cut, that had become
open water when dike failures occurred were restored using dredged
material in 1983 (England 1991). Although neither of these are
exactly like the four proposed sites (they already had failed
dikes), they had dredged material placed into them in ,such a
manner as to allow flow from the dredge pipe back across the
entire marshy area. Sediment dropped out and resulted in the
restoration of 35 acres of intertidal fresh and brackish marsh,
plus raising the elevation of sUbmerged mudflat areas to a more
productive level. Some of the marsh, restoration techniques ,tested
for the sUbmerged sites at Donlin Island and Venice Cut have'
application in the Bay area.

PROPOSED SALT MARSH SITES

The four proposed sites have a number of similarities, and
are located along the northern Bay area in San Pablo Bay (Figure
2). All four are maintained at the present time by dikes and
pumps. All four have subsided to below sea level, and all four
have been acquired and/or had a land use change that will,allow
them to be used for natural resources, and especially for~salt

marsh restoration. Their differences and potential problems are
noted ,in the following discussion. "

HAMILTON ANTENNA FIELD (HAF)

The HAF site is a 240-acre former antenna field for Hamilton
Air Force Base that was deeded to the State Lands Commission in
1981. The California Department of Fish and Game had expressed
interest in restoring the site to salt marsh using dredged
material. The site is presently abandoned, although it is still
maintained by the pumps at the Hamilton Air Field. One abandoned
building still stands, and its foundation is perched above ground
due to subsidence of the surrounding land.

,'The abandoned site presently grows in herbaceous and shrubby
vegetation. This vegetation provides food and cover for numerous
birds and mammals, the most frequently observed of which are
abundant deer and jackrabbits. No baseline physical or biological
data have been collected, but are planned as part of the overall
design of this salt marsh: initial data indicate that the site
averages ~5. 0 ft MSL (Miner 199'1).

SPS and WES, as part of the USACE Wetland Research Program,
are designing and will implement the salt marsh at HAF. Its
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Figure. 2. Location of_ the four proposed saltmarsh re~toration

si tes in San, Francisco Bay (from Miner 1991).
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overall goal is to provide salt marsh that will encompass as many
vital salt marsh functions as possible, with specific target
wildlife endangered species, salt marsh harvest mouse and
California clapper rail.

SONOMA BAYLANDS

The Sonoma site is adjacent to the Petaluma River ,(Figure
2), and is a 785-acres hay farm. ,This site was recently acquired
by Sonoma Land,Trust for the California Coastal Conservancy. This
project is funded entirely with state and private funds.

The, site is physically divided into three parcels due to its
being crossed by a state highway and by a rail line, both on fill.
The current plan being developed for Sonoma is to allow the upper
portion of the site to remain open, farm land, with the potential

_for developing it as fresh marsh in,the future. The middle
portion between the highway and the rail line will be developed as
fresh/brackish ponds with goals of waterfowl management.

- '

The lower portion is 313 acres in size, and will be
developed as salt marsh using dredged material. With an average
elevation of ~1.0 ft MSL, SPS estimates that 1,500,000 cubic yards
will be required to restore intertidal elevation, including
220,000 cubic yards that will be used for construction of
perimeter levees and whatever topographic relief features and
tidal channel excavation is necessary. Based on observations of
dredged material consolidation and revegetation at SP3 and Muzzi
Marsh, state managers plan to stop the elevational changes at the
site at a lower elevation, and allow sediment coming in from the
Napa and Petaluma Rivers to complete ,the intertidal marsh.

Contrary to the south bay, in the north bay area marsh is
being formed along certain reaches, from sediment coming 'from the
river systems feeding into north bay. An assumption that this
sediment load will aid in natural marsh formation is being made at
this and at the Cullinan Ranch site.

CULLINAN RANCH

Cullinan Ranch is 1800 acres in size, and is the largest of
the four proposed sites. It is a hay farm,' and has' just been
acquired by the u.s. Fish and Wildlife service. The site will be
added to the San Francisco Bay National Wildlife Refuge Complex,
and decisions as to its best land use are still being made. It 'is
surrounded by Leslie Salt Company ponds, refuge lands, Dutchman's
Slough, the Napa River, and San Pablo Bay. It also has the same
state highway and a large power line traversing it.

Current thinking is to develop the site in sections, letting
portions remain as open farm land, while other portions nearer the
bay and the slough are developed as salt marsh using a combination
of dredged material and natural sedimentation. Should the Service
opt to develop the entire-site as salt marsh, an estimated
10,000,000 cubic yards of dredged material would be required; the
average elevation of the site in 1970 (the last survey made) was
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-2.0 ft MSL. It is assumed that additional subsidence has
occurred since that time. The Service's objectives"are to
restore salt marsh harvest mouse and California clapper rail
habitat, specifically, with general goals of open land and salt
marsh restoration.

Infrastructure at this site will be maintained, since it
consists of barns, sheds, and pumps located on high ground, and
cross dikes for field access. All of these will be of value as
the site becomes part of the refuge system.

HAMILTON ARMY AIRFIELD (HAA)

The HAA site is a former u.S. Air Force base on the western
shore of San Pablo Bay. It has been designated for closure by
1995 under the Base Closure and Realignment Act (Public Law 100
526). A portion of the site adjacent to the Bay is suitable for
salt marsh restoration.

This site is the least likely of the four to be developed as
salt marsh for several reasons. First, while it is now owned by
the Army, it contains an abandoned,- subsIded,' and damaged runway
and abandoned hangars. Locals are objecting to these facilities
being put to other use besides a private or pUblic airport.
Second, the sheer amount of concrete on the site will make it
difficult to build ret~ntion dikes that will hold. Third, the
pumps that maintain the site also maintain a U.S. Navy housing'
area located on the HAA, and are located in the marsh area. This
would require that the pumps be relocated. Fourth, a local waste
treatment pipe system is located on the area. Finally, the
expense ,of restoring this site into marsh, in comparison to the
others, make it less ,likely to receive funding when in competition
with the other three. Engineering considerations on, this site are

'much more difficult than on any of the other three.

On the plus side, the HAA site is located adjacent to the
HAF site, and could.be developed at the same time using the same
dredging equipment and operation. Breaching the dike at HAF is
already on the verge o( happening, as the current dike is not
receiving careful maintenance--a strong storm could breach the
dike. If the dike is' not cared for, it will eventually breach on
its own. The site also is receiving a strong push to develop it
as salt marsh from the Congressional representative in that
District. .

The Army is currently collecting physical and other. data on
the'site as it prepares to liquidate it from pUblic ownership ..
Since the site is generally abandoned, it has a large population
of wildlife species,.especially deer, jackrabbits; songbirds that
frequent, shrubby cover, and raptors ~ , '

DISCUSSION AND SUMMARY

The concept. of using dredged material to restore subsided
farm land to intertidal elevations was first used at the SP3 in
1974, Muzzi Marsh in the late 1970's, and in the Delta ,at Donlin
Island and Venice Cut in 1983. The engineering and environmental
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information gained from these sites have direct application to
four proposed diked sites that are below sea level, with
objectives of salt marsh restoration. using a variety of funding
sources, common·goals of salt marsh restoration will be achieved
through cooperation between the USACE, other federal and state
agencies, and private sources. These sites are laying the ground
work for additional, more routine restoration of. salt marsh around
the Bay as open land sites become available over, time.
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RESTORATION OF WETLANDS:' MITIGATION FOR DREDGE FILL

by

John Fratt 1

INTRODUCTION

On the West Coast u. S. one cannot develop waterfront property
without addressing, the concerns of' various and multi-interest
resource agencles, environmental groups arid other speci~l

interests, project proponents, whether they be industry, ports,
residential or commercial developers, must successfully respond to
these concerns if they are to obtain the necessary project permits
and ap~rovals. Often this response must come with6ut guidance,
direction or assistance from the agency or special interest that
has voiced the concern. - ,

Today, I would like to talk about how a small town port in
Southwestern Washington successfully responded to concerns, and
planned and constructed an enhanced wetland mitigation area that is
providing habitat for 'native mammals, fish and fowl, and

, satisfaction to the community which participated in its
development. Integral to'our success were the following points:

* Port's ent~eprerieurial role in instigating, facilit~ting
and accomplishing project.

* Identifying a lead agency and having them commit their
concerns in writing

* Involvement of Port staff in construction and planting.

* Involvement of community in wetland planting.

* Site engineering" to create a tidally-influenced area
synergistic with its naturalenvirpnment.

BACKGROUND

The Port of Kalama is located in Washington State on the Columbia
River, 72 miles from the Pacif ic Ocean. Although we are considered '

'a "small port," in 1990 we exported over 8.3 million tons of grain.
This ranked us fourth in dollar value of exports in the state of '
Washington We are third in the state, in dry bulk tonnage and
seventh on the West Coast. We have sixteen businesses located
within the Port's industrial are, and they employ over 630 people.
In addition'to our outstanding transportation access to deep water
(federally maintained -40' Columbia River navigation channel)
highway (Interstate 5) and rail (mainlines of both the Burlington
Northern and Union Pacific Railroads), the Port has the valuable
commodity of developable land for industrial uses.

lExecutive Director, Port of Kalama, Kalama, WA.

199



In 1981, the Port purchased approximately 235 acres of property
adjacent to the deep-water navigation channel of the Columbia River
for industrial development. This property had be-en used. by -the
Corps of Engineers as a dredged material disposal site for the
clean-up following Mt. St. -Helens. A coal terminal was planned for
the site, known as North Port. As part of the development plan, a
major mitigation project was ~nitiated by the Port. Sixty acres of
wildlife, fisheries _and recreation areas were addressed in the
initial mitigation agreement.

Because of declining markets, the coal, facility was not
constructed. However, the Port completed its mitigation project
and continued to modify the North Port site -to broaden its appeal
as a multi-use site. As part of this modification an amendment to
the original mitigation agreement was signed by involved federal,
state and_ local parties. The amended plan called for expanding
wetland habitat created.· under the original agreement. The
completed mitigation provided "kind-for-kind" plant and animal
habitat, with special attention. to both upland and wetland
vegetation. A pond created during the initial mitigation was
extended by a series of "Spiny Rays" onto the adjacent 16 acres to
the South which the Port purchased to augment its original 60 acres
of mitigation. In addition, fill material from new work and
maintenance dredging was used to reshape the Columbia River
shoreline to alleviate fish stranding pools and to provide habitat
diversity. Development and construction of the amended mitigation
plan cost the Port nearly $100,000 and represented a significant
effort to balance environmental concerns and development of
waterfront industrial land along the Lower Columbia River.

In summary,by 1987 the Port had purchased, planned, engineered and
modified a 260- acre marine industrial site and purchased~ planned,
engineering and modified approximately 100 acres of mitigation
habitat. The marine industrial site was vacant, a victim of market
fluctuations. The mitigation areas were fairly successful,
habitated by numerous fish, waterfowl and mammals of the area.

ENHANCEMENT PROJECT

Now the stage is set for the enhancement project, I would like to .
talk.about today.
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In 1987 as a result ot its market research;. the Port began the
permitting process for construction of a multi-purpose marine
terminal facility, including a dock, landing area, and fifty acres
for receiving material on the North Port site. As we moved forward
in our permitting efforts for the multi-use facility, a requirement
for an additional two acres of mitigation developed. This
requirement was a result of the Port's plan to place 0.8 acres of
fill along the Columbia River shoreline and to deepen the.access to
the channel from - 20' to -40~.

During the same general time period, u.s. Fish and Wildlife (USFW)
visited our previously constructed mitigation area and noted· some
problems. Their concerns, as stated to us, centered on five areas:

1. ) The hill areas, providing upland habitat,
aesthetically unappealing.

2. ) The pond's beneficial use as habitat was impeded by steep
slopes. and its regular rectangular shape~

3. ) Eurasian- waterrnilfoii, which ·had been imported to the
site, was choking off native plants and providing little
food resource.

4.) There was a lack of' stable v~getation along t~e
waterline.

5.) Willow plantings had experienced a high mortality rate.

The problems with the ex{sting·m{tigat~on area provided ~he Port
with a "project" to improve and partially meet the riew mitigation
requirement. This project is what we· call the. "enhancement
Project." .

Our experience after working ·through two major mitigation
agreements (the original and amended agreements) was that the
resource agencies were quite capable of letting us know what wasn't.
satisfactory. What wasn't so abundantly clear was what was needed
to achieve satisfaction. We knew if we.' sat back and waited for
direction, we would continue to receive various comments with
little constructive aid. The resource agencies had demonstrated
little understanding of the importance of cost and timing' to ·a
project: they 'app~ared to be well-suited to the; "negotiating game"
rather than the "production' game." Because we" ·wanted the
mitigation to be successful, and because we wanted our.dock,- the
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Port assumed an active lead in planning and implementing the
enhancement project. We instructed ourselves on habitat values and
kind for-kind habitat development.

One of our first steps was to request a written report from USFW
outlining their concerns with the existing mitigation habitat and
providing guidance for modifying it into acceptable habitat.
Although this report was -not received until after the enhanced
mitigation project was approved, it provided the basis for the
improvement plan that was developed and brought into by the other
agencies. USFW became the spokesperson and the other agencies
relied upon them to voice their individual and collective concerns.
with USFW's position in writing, we had a document which could be
referenced when we were asked why we were doing what we were doing
or when were asked to do~ than was identified in the plan.

We are a small port and do not -have in-house planners engineers,
wetlands biologists, etc. The technical assistance we needed did
not appear to be forthcoming from the resource agencies who had
required the mitigation so we turned to the outside for specialized
expertise. For the wetland enhancement Ogden Beeman-& Associates
provided engineering services. These services included
coordinating survey requirements, developing cross sections and
calculating excavation quantities to establish a more irregular
pond, - gradual slopes -and a tidally influenced area. Enviro
Science, Inc. provided the planting plan, selecting native plant
species. The conceptual design of the wetland enhancement
benefitted from the composite of enhancements suggested by the
Corps of Engineers, Portland District (COE), USFW< and Port of
Kalama officials. The plan was reviewed by the COE and USFW.

-IMPLEMENTATION"

with the completion of the permitting process in March, 1989 and
development of the enhancement plan in June, 1989, the Port waited
for suitable conditions to begin work. A time with low Columbia
River volume and low tidal conditions was necessary for good access
and stable 'ground conditions. The appropriate conditions occurred
in late July, several weeks earlier than anticipated.

Port staff- both led and partici~ated in the construction. This
allowed us maximum flexibility in scheduling and also promoted
dedication to the project among Port employees. This enthusiasm
for and dedication to the project were integral to the Port's
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for and dedication to the project were integral to the Port 's
entrepreneurial role. throughout project planning and
implementation. Excavation work along the pond and channels began
immediately using low ground pressure track equipment. A
lightweight dozer and hoe with extended reach which were equipped
with wide tracks were rented for the excavation. These machines
were chosen in order to minimize disruption to the environment as
well as to provide greater stability to the operator. The aim of
the excavation work, as suggested by CaE wetland specialist Brian
Lightcap, was to flatten the slope of the pond and spiny ray banks
thereby creating,marshy areas more suitable for wetland animals and
herbage.

The hoe, equipped with an extended reach, was used to pull soil
back from the edges 'of the pond and spiny rays. A waterway linking
the wetland area to the Columbia River was left open thus
permitting the hoe operator to use actual waterlines as a guide.
This link to the river was later widened. to provide greater tidal
flushing of the pond and spiny rays. The soil was piled in
predetermined locations and then sculpted with the dozer to form
upland areas.

Other enhancements to the 'area included: two new spiny rays, two
marsh areas, and three islands. The new spiny rays were cut deeper
than those already existing, making them more useful to wetland
mammals. The islands and marsh areas were to provide location(s)
where plants attractive to wetland animals could be lQcated. Once
the bulk of the excavation work was completed, the entire area was
smoothed with the dozer, giving it a natural appearance.

A non-site visit late in July by two CaE representatives provided'
the Port with positive feedback on the construction effort~ Both
representatives were pleased with the work and suggested only minor
changes. Port staff and the COE representatives also used this
meeting to work out details of the next phase of the enhancement,
wetland plantings. ' ,

Since the construction of wetlands is a relatively new concept, not
much data' were available regarding enhancement or planting
techniques. Discussions with the CaE supported the ,Port's
preference to 'use vegetation from nearby area as opposed to
introducing material that was not, native to the area by purchasing
them from far-away locations. The Port had a concern that
introducing plants that were not native to the area could have
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detrimental effects on the local ecosystem~ Additionally, concerns
about cost and successful transportation of nursery stock
strengthened the argument for use of locally available plants.

Four wetland and one upland plant varieties were selected to be
moved to the enhancement area. They were selected because they
provided either a food source or shelter beneficial to birds,
wetland mammals, and fish; and they were readily available on Port
owned land. The planting of the wetland vegetation was done in two
phases. The first planting was performed' by high school and
college age workers already employed by the Port, and the second
phase of wetland planting was done by the Marine Science class from
Kalama High School.

The plantings completed by the Port took approximately two weeks
and were done by a crew consisting of three to five people. The
original plan called for use of the Port's 4-wheel drive blazer and
buckets to transport the plants gathered from nearby Port property.
Use of the blazer was soon abandoned, however, because of, its
inability to handle the wet, sloppy conditions. That vehicle was
replaced by a flatbed trailer pulled by the dozer which had been
used in the construction phase of the enhancement project. The
plants were, moved from three nearby' sites. Bulrush, Wapato,
Narrow-leaf Cattail, and Spirea were the plants targeted for
transportation. Seed from a fifth plant,Spike'Rush, was gathered
and dried to be spread in the spring. Rye Grass was purchased from
a local nursery to be 'sown in the late summer. It was anticipated
that the grass would act as a quick-growing ground cover to retard
erosion.

Each of the plants gathered were dug with "Shaip'Shooter" shovels
and hand carried to the trailer. The plants were taken with a
substantial amount of the surrounding soil to minimize the contact
between roots and air. When the trailer was full, the plants were
immediately transported to the enhancement area for replanting.

The elevation of the plant placement relative to water levels
varied according to species. Specific areas of the site were
designed to' accommodate each plant as described in the enhancement
plan. Besides the areas specifically designed for the plants,
groups of each plant were placed at varying elevations in other
locations to determine optimal positioning for survival.

The plants were placed in groups with material taken from the
planting hole used as mini-dikes. Planting in groups protected
plants at each location from damage caused by animals. Use of the
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mini-dikes prevented erosion during tidal surges.' The Port
planting effort covered the pond area and most:of the spiny rays.

The second planting occurred in late September. Students from the
Marine Science Class at Kalama High School were asked' to
participate in what would be a learning experience for them. A one
hour, in-class program was presented by John Pratt, Port Executive
Director; Karen Pickett, Port Deputy' Manager; and Lightcap. The
program included information about the Port and the ,goals and
benefits of the wetland project. Barb Karnis, the Marine Science
teacher, had previously included a "Wetland unit" in her,
~urriculum, but she had never had a local, field experience as a
class activity.

The 28 students were divided into small adult-supervised groups and
were taken onto the enhancement site to plant in the Southeastern
marsh are'a. Each group was given a note ,card with plant
descriptions and instructions for gathering and planting. The
students collected their assigned plants, and then transported them
to the mitigation site. Plants~ were placed on site ,next to color
coded stakes., However, the student plantings were not done in
large clump~ as were the Port's earlier plantings. Instead, plants
were placed singly and spread evenly across the location. The
success of the differing planting techniques will be observed.
Local newspaper coverage of the event was positive and the Port,
School, and COE were pleased with· the student effort.

In the spring of 1990, the Port undertook the final phase of the
enhancement process" the planting of - 750 trees. ' Five hundred
Dogwood, Crabapple, and Plum Tree stock were purchased from the
Moses Lake Conservation-District. of Moses Lake, Washington and 200
Cottonwood whips were purchased from the Soil Conservation S~rvice

in Kelso, Washington. Willow cuttings had be,en taken from adjacent
Port land the previous fall and rooted in water over the winter.
These we,re planted at the, same time as the Cottonwoods. Some
willows were planted immediately upon cutting to see whether dry or
rooted cuttings had the better survival rate. David Guenther of
the Soil Conservation Service provided the Port with, technical help
on planting techniques. Three members of the Port staff spent
approximately three days carefully placing the 'trees according to
the enhancement plan.' If a large number of the trees do survive
and threaten to overgrow the area, thinning will be undertaken'to
control them. '

RESULTS,

To date the Port has incurred approx,imately ·$15,000, in out-of
pocket expenses for this wetland enhancement project. This
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includes the cost for the environmental consultant to develop the
planting schematic; purchase of trees, shrubs, and grass; rental
for equipment; and staff time for construction and planting. It
does not include administrative staff time -for coordination and
secretarial' assistance. Because the Port chose to use plant
materials on adjacent' Port property and staff and students to,
gather and transplant the material, our costs were significantly
lower than the original $42-64, 000 estimate for the project if
contracted out.

The Port kept in close, contact with the COE throughout this
project. They were significant players in the development of the
planting schedule, and they offered advice and hands-on assistance
with the planting itself. Following the completion of the
construction and the first phase of planting, the COE's Wetland
Specialist commented that the survival rate of our material
appeared to be better than that achieved by many professional
nurseries. However, during one early inspection of the site's
planting, we thought the plants had been vandalized. It turned out
they were being eaten by the deer, nutria, beaver and other animals
who were using the habitat for its intended purpose.

SUMMARY,

The Port of Kalama has provided a valuable wetland habitat which is
being used by wildlife, fish and water fowl for its intended use.
We have learned much about wetland habitats but we have learned
more, about the process of permitting and mitigation. Based on our
experience, -I offer my concluding comments in the hopes that. others
may benefit and that eventually the process will be changed to
allow all parties to focus on the desired result rather than the
negotiation process' itself.

I am convinced that my port and other ports, industry and
development.interestscan and will do things of value, if and when
we understand what is desired. 'It has been our experience that
USF&W and NMFS, in particular, leave the entire process to the
proponent unless it is to say no or give us more; then theY,cannot
agree.

My first' recommendation to those seeking mitigation projects: Have
a lead resource agency appointed and empowered to speak for the
others. I should point out that in the Pacific Northwest, this
agency is not the Corps of Engineers. Although the local district
engineer issues the permit for section 10 and 404 activities in the
PNW, the COE wants the project proponent to solve the other agency
problems before they start their review. This attitude empowers
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the resource agencies to elongate the permit proces·s. For our
enhancement project the lead agency was USF&W, not because the
process designated a lead agency, but because we essentially,
empowered them.

Second, definitive thresholds need to be established so all parties
know whem agreement has been reached. As it exists today, a
proponent enters an open-ended process with no criteria to
determine whether consensus has been achieved. In our case it was
t-he definition of "enough~" With the lead resource agency saying
"That's fine as far as it goes" the COE at some point must say
"This is far enough."·

Third, time deadlines -need to be set. Time deadlines assist in
moving the process to closure and they are critical to the
construction project that is hinged on the. mitigation project.

And after you've met- your defined threshold and your time
deadlines, take a . good .look at those resource agency
representatives who have been so interested in your project. It
may be the last time you see them until the next permit. In our
experience, they do not participate past negotiation, unless begged
to do so and even then it is dicey. Fortunately in our case, the
COE had people who offered assistance and were capable of working
on the project and providing advice during construction.
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POTENTIAL ALTERNATIVE DREDGING EQUIPMENT AND OPERATIONAL
METHODS TO MINIMIZE SEA TURTLE MORTALITIES

Dena Dickersoni David Nelson~ Glynn Banks*

ana .
.Philip· Bates and Mark Wofff**

ABSTRACT

Five threatened or endangered species of sea turtles
occur aiong, the United States coastlines and are potentially
affected when channels are periodically maintained by hopper
dredging activities. The National Marine Fisheries Service
has determined, based on the best available information,
that because of their life cycle and behavioral patterns
only the loggerhead (Caretta carett~), the green (Chelonia
mydas), and the Kemp's ridley (Lepidochelys kempi) are
potentially put at risk by hopper dredging activities.
Substantial reduction in sea turtle mortalities documented·
since the first reported incidents at Cape Canaveral ship
channel in 1980 may have resulted from modifications in
dredging equipment and operational practices. These
modifications were a result of recommendations from
cooperative efforts by Federal and state agencies,
universities, and the dredging industry. Measures which are
being tested and show potential for reducing turtle
mortalities include the use of a flexible turtle deflector
and alternative dredging equipment. Endangered species
observer programs assist in monitoring and evaluating the
success of these modifications and alternative equipment.
The .best available dredging technology and sea turtle life
history information are necessary to develop a long-term
management plan which most effectively minimizes sea turtle
mortalities during dredging activities. .

BACKGROUND

Maintenance dredging is required for most existing
navigational channels in the southeastern United states.
These dredging projects are required to provide a navigable
channel for commerce and national defense, but must also

*USAE Waterways Experiment Station, Vicksburg, MS.
**US Army Corps of Engineers, Jacksonville, FL.
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comply with the Endangered Species Act (ESA) of 1973. Five
species of endangered or threatened sea turtles occur along
the Gulf and Atlantic Coasts and are potentially affected
when channels are periodically maintained by'hopper dredging
activities. The loggerhead sea turtle (Caretta caretta) is
listed as threatened; whereas, the green sea turtle
(Chelonia mydas), the Kemp'sridley (Lepidochelys kempi),
the hawksbill (Eretmochelys imbricata), and the leatherback
(Dermochelys coriacea) are all less abundant and federally
listed as endangered. Of primary concern is the Kempos
ridley, which is considered to be the most critically
endangered of the sea turtles.

The activities of sea turtles associated with ~hese ship
channel habitats are virtually unknown, although, the ,
National Marine Fisheries Service (NMFS) has determined,
based on the best available information of their life cycle
and behavioral patterns, that the loggerhead, the 'green, and
the Kemp's ridley are primarily the species put at risk by
maintenance dredging activities. The major concern is
entrainment of sea turtles by the hydraulic dredging
equipment.

Mortalities or injuries of sea turtles from dredging
operations have only been documented on hopper dredges and
primarily in Cape Canaveral Harbor, Florida, and King's Bay,
Georgia; however, a low number of incidents have also been
documented at Brunswick Harbor, Georgia and Savannah Bar
Channel, Georgia. The lack of ,reported impacts on turtles
in other hopper dredged channels and on other types of
dredges may be as a result of reduced turtle occurrences in
the channel during the time of dredging,reduced potential
of turtle impingement by the dredge, or a lack of monitoring
for documentation of incidents during dredging.

MONITORING OF DREDGING EFFECTS ON SEA TURTLES

Monitoring of Potential Dredging Impact

Each Corps District is required by the ESA to conduct
literature or biological surveys before every dredging
project to document any endangered species occurrences in'
the area of dredging and determine the potential impacts
related to the dredging activities. Information 'is needed;
however, on the seasonal occurrence,spatial distribution,
and population status of the sea turtles found in the
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dredging areas of these channels.: In some areas, systematic
trawling or aerial surveys are conducted in the channels
before dredging. 'These surveys help determine the
population status and distribution of the sea turtles in the
channels over either a short or extended period of time.
The ·information resulting from the present trawling and
aerial methods alone is severely limited because of the
behavior of the turtles and difficulty in locating the
animals~ These methods can only survey turtles which are in
the water column or surfacing. Very little information can
be collected about turtles on or in the bottom sediment,
although these are the turtles most susceptible to being
taken by the dredges. '.

Radio and sonic telemetry techniques are being utilized
in some areas to monitor long- and short-term behavioral
activities of sea turtles in channels. Bio~elemetry

techniques can better collect information about the turtles
on or in the bottom and are used to compliment the
information gathered by the aerial and trawling survey
methods. ,Biotelemetry is a potentially effective tool which
can help answer not only specific scientific questions but
also management questions directly and immediately
applicable to the turtles in the channels maintained by the
hopper dredge. Hydroacoustic techniques are also being
tested which may provide additional methods for identifying
turtles in the channels:associated with dredging activities.

The inherent pelagic behavior of the turtles precludes
the use of a single ideal technique for' monitoring turtle
activity in the channels. continued cooperation by all
organizations involved in sea turtle studies and monitoring
efforts are necessary to ultimately understand the'potential
dredging impacts on sea turtles and identify methods to
prevent sea turtle mortalities by, dredges.

Monitoring of Turtle Mortalities

The Endangered Species Observer Program was established
in 1980 and evolved through consultation between'the NMFS
and US Army Corp of Engineers, as mandated by the ESA.
Endangered species observers are used during dredging
proj,ects whenever' biological data suggest potential impacts
on sea turtles~ The observers work closely with the dredge
crew to identify and record dredging incidents with
endangered and threatened species. Sampling, for entrained
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turtles is done through observation and inspection of the
hopper, the draghead, and screening of,dredgedmaterial from
the intake structures or hopper overflow. Recovery, accurate
identification, and documentation of sea turtle parts is a
vital part in the evaluation of dredging impacts and the
success of alternative dredging equipment and procedures.

Because visually monitoring for turtles or turtle parts
taken into the hopper is difficult, either the inflow or '
overflow dredged material is screened to aid in sampling.
Because overflow screens primarily collect floating ,
materials, estimates of total turtle mortalities based on
overflow screen collections may be low. :To obtain better
estimates of sea turtle mortalities, tests were conducted on
screening inflows during the 1988 dredging at Cape
Canaveral.' While the screening of inflows appears to be
feasible on some hopper dredges, further investigations are
needed to ensure their effectiveness and safe operation.
The variability of internal discharge piping into the hopper
inhibits a generic design to screen inflow. Additional
considerations are the type of material being dredged and
the safe retrieval of parts by the endangered species
observers.

The incidental take of sea turtles during dredging ,
operations has'been documented in the Cape Canaveral ship
channel since the first study conducted in 1980 and King's
Bay, Georgia, ship channel since its construction in 1988
(Table 1). During the dredging period from 1980 to 1991,
160 incidents with three species of sea turtle (loggerhead,
green, and Kemp's ridley) have been reported from Cape
Canaveral and King's' Bay entrance channels. This included
131 incidents at Canaveral and 29 incidents in King's Bay
channel. ,The reduction in documented sea turtle mortalities
since the first reported incidents at Cape Canaveral ship
channel in 1980 may have resulted from these modifications
in dredging equipment and operational practices or may be a
reflection of seasonal and annual fluctuations in the sea
turtle populations.
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Table 1. Reported sea~urtle entrainment incidents by
species during dredging activities from 1980 to 1991.
(Adapted from Dickerson et ale 1990)

*Fragments of 'sea turtle carcasses not identified to
species. Most assumed to be C. caretta.,

** I • .• • •In1t1al construct1on dredg1ng at K1ng's Bay
+Number also includes two ~ kempi caught.

A significant problem in the interpretation and analysis
of these records is the variation in sampling efficiency and
amount of observer monitoring used for each dredging period.
The percentage of material screened and the mesh size of the
screens have varied with the project and vessel. Tests have
shown that the insufficient upwelling of materials within
the hopper will not iikely force large remains ~f t~rtles or

.29

9
7+

10
_3_

**1987/88 7 1 1
1988 3 0 2
1989 9 0 1
1991 _ 3_ _0_ ..JL

Totals 22 1 4

Unidentified*Year ~ Caretta ~ mydas Total

Cape Canaveral Entrance Channel. Florida

1980 50 3 18 71
·1981 1 1 1 3

1984/85 3 0 6 9
1986 5 0 0 5
1988 8 2 18 28
1989/90 0 6 1 7
1991 _ 3_ _4_ _ 1_ __8_

Totals 70 16 45 131

Kings' Bay Entrance Channel « Georgia
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freshly killed turtles which are negatively buoyant onto the
overflow screens (Berry 1990; Dickerson and Nelson 1988).
The percentage of observer coverage has also varied
significantly for each project. For those channels
identified by NMFS as requiring observer monitoring, the
required observer coverage has varied from 25 to 100
percent. Interpretation of the data is very limited with
the variability of methodologies. Monitoring methodology,
data collection, and record keeping are being modified to
alleviate some of these problems and provide better analysis
of the data in the future.

SUMMARY OF DREDGING ALTERNATIVES AND MODIFICATIONS

A Sea Turtle/Dredging Task Force was formally established
by the US Army, Engineer District, Jacksonville in May 1981
to address the issues of dredging impacts on sea turtles.
The National Sea Turtle/Dredging Workshop in 1988 addressed
the potential dredging and management alternatives, as well
as, identified biological studies and information needed
(Dickerson and Nelson 1990). A number of management,
alternatives have been implemented to potentially minimize
impacts to sea turtles including seasonal restrictions,
rescue' and relocation operations, and modified dredging
equipment. The modifications were a result of
recommendations from cooperative efforts by Federal and
state agencies, universities, and the dredging industry.
The information gathered by the Endangered Species Observer
Program has been used as a foundation for these management
decisions and recommendations, therefore, consistent and
adequate documentation of sea turtle incidents are
necessary.

Dredging equipment alternatives and modifications are
being tested and show potential for reducing turtle
mortalities. These protective measures are difficult to
evaluate; however, because of the number of potential
variables (i.e. dredge size, speed, and temporal
differences) and previous inconsistencies in monitoring
techniques.

Seasonal Restrictions

Restricting dredging to a season when turtles are least
abundant, or least likely to be affected has been one
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procedure implemented. The optimal dredging period may,be
slightly different for each location based on the available
biological information for sea turtles in each area. For
King's Bay and Cape Canaveral dredging operations, the NMFS
designated September through November as the best time for
dredging based on sea turtle seasonal density trends and the
presence of, gravid -females-during the summer nesting ,season
(Henwood 1990). For these areas, the winter months were
excluded due to the presence of higher numbers of turtles
migrating into the area from colder more northern climates.
In addition, the cooler water temperatures during the winter
months may cause turtles to be in a more inactive
physiological state and more susceptible to impacts. The
spring and summer months were excluded because this is the
breeding and nesting season for turtles and protecting
nesting females is a high priority.

Dredge Type

The type of dredge .selected' is' influenced by numerous
environmental factors such as time of year, a high or low
energy wave climate, and type of material to be dredged.
The final dredge type selection may also be influenced when
dredging operations are additionally concerned with impacts
to sea turtles. The relatively slow dredging motion of
clamshell and pipeline dredges would likely further reduce
turtle mortalities. However, the ability of these dredge
types to provide the required depth in a timely 'fashion and
at a cost comparable to other methods may not be
comparatively feasible. If the effects on sea turtles are
time dependent, that is, longer dredging time results in
more turtles being affected, the dredging by the most
efficient means would reduce mortalities. Using larger
hopper dredges and more dredges may shorten the time .period
'of the· dredge in the channel.

The proper selection of the type of dredge for an area
with potential impacts to sea turtles may greatly contribute
to an overall reduction in sea turtle mortalities. Many
factors must be evaluated before the dredge type is
selected. Although documented dredging related sea turtle
mortalities have only been reported on hopper dredges,
hopper dredges may be the 'best choice when the other .
contributing factors are considered. At present, however,
no other sea turtle monitoring, protection, or management
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techniques are required for dredge types other than hopper
dredges.

Draghead Type

Changing 'the type of draghead used on the hopper dredge
from an IHC-style to a California-style may have been one of
the effective changes implemented for reducing turtle
mortalities. The design and upright positioning of the IHC
style draghead may cause its suction opening to act like a
scoop, while the California-style draghead sits level in the
sediment and appears to be less likely to entrain turtles
(Studt'1987) ,

The intake grating of the draghead was reduced to 12";'ln.
openings from 1980 to 1987. However, it was decided in 1988
that reducing the size of the opening in the draghead
probably did not reduce turtle mortalities. In addition,
reducing the size of the grate openings attached to the
bottom of the draghead may affect the ability to assess the
number of turtles taken since turtles impacted by the
draghead may be prevented from entering the hopper and not
counted by observers.

Dredging operation procedures should be considered when
evaluating the types of dragheads versus numbers of turtles
killed. Comparisons of dragheads alone cannot be validly
used without evaluations of the methods and procedures used
to operate each draghead. These procedures differ among
ship~ and personnel.

Deflectors for Draghead

Various designs have been tested since 1981 of a "cow
catcher" type of turtle deflector for the draghead. Recent
studies have been conducted through a combinat·ion of
laboratory model tests and field application tests during
dredging operations. As a result of the recent tests, .
designs for a flexible turtle deflector were developed which
show promise of being effective in moving turtles resting on .
or in the sediment from th~ draghead. T~e flexible chain
webbing turtle· deflectors were installed for'testing on both
dragarms of the Corps of Engineers' dredge McFarland during
the 1989-1990 maintenance dredging at Cape Canaveral, FL
entrance channel and again on the dredge Sugar Island
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(NATCO) during the 1990-1991 dredging at Cape Canaveral and
King's Bay. Deflecting efficiency for turtles depends on
whether the deflector conforms to the contour .of the
sediment bottom at all times during dredging. Turtle
deflector designs will continue to be tested as well as
other potential alternative methods to eventually eliminate
sea turtle mortalities from dredging operations.

SUMMARY OF BIOLOGICAL. MANAGEMENT ALTERNATIVES

Relocating Turtles

During some dredging projects at Canaveral Harbor, The
Center for Sea Turtle Research has coordinated trawling
operations to capture, tag, and relocate turtles from the
dredged areas of the channel. Although turtles· may be
present, trawlers cannot pull nets on the bottom inside
jetties or nearshore because rocks or old pilings may snag
and tear nets. Turtle rescue operations have been limited
to areas which were less destructive to the nets. The
success of these operations is uncertain because of the
inability to move the large numbers of turtles found in the
channel in some years and the tendency for some turtle to
return to the channel once removed. Relocation of turtles
out of the channel may be feasible when there are. low
densities of turtles but this technique requires additional
investigation •.

Dispersal of Turtles

Various techniques such as sonic pingers, tickler chains,
bubblers·, and electric currents have been sugg~sted as
methods to disperse turtles away from the dredging.
However, it is not known if the turtles will respond to
these stimuli or if the turtles can respond rapidly enough
to elude·· a hopper dredge, particularly if the turtles are in
a dormant or slower physiological state.

SUMMARY AND CONCLUSIONS

Monitoring by endangered species observers have
documented that hopper dredging activities in Cape
Canaveral, King's Bay, Brunswick Harbor, and Savannah Bar
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Channel-have resulted in mortalities to loggerhead, green, 
and Kemp's Ridley sea turtles. Sea turtle incidents have
been dramatically reduced since the first reported incidents

.in 1980 at Cape Canaveral ship channel. This reduction in
documented sea turtle mortalities at Cape Canaveral may be
attributed to the use of alternative equipment such as
California style dragheads and turtle deflectors as well as
observance of a seasonal restriction for dredging based on
known sea turtle occurrences. The effectiveness of these
protective measures are difficult to assess because of
numerous variables between the 1980-1991 dredging projects.

Measures to protect sea turtles have evolved and improved
during maintenance dredging since 1980, but, mortality has
not been eliminated. Further work in essential to provide
the best available dredging technology and sea turtle life
history information in order that a long-term management
plan may be developed which most effectively minimizes sea
turtle mortalities during dredging activities. Through
cooperative efforts, dredging impacts to sea turtles will be
minimized in the future. .
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PROGRESS IN DREDGED MATERIAL PLUME MONITORING
, BY THE CORPS OF ENGINEERS

Terri'L. Prickett and Nicholas C KrauS

ABSTRAct

Research is being conducted' in the Dredging Research Program (DRP) of the
U.S. Army Corps of Engineers to reduce the cost of dredging. The DRP research
is providing physical process information and predictive models for mamiging existmg
disposal sites and preparing Environmental Impact Statements for proposed sites.,
These activities include deyelopment of ,instrumentation and techniques for
monitoring the movement of sediment ,plumes. In 1989 and 1990, the DRP
conducted two major field data collection projects that evaluated modem technology
for monitoring sediment plumes at dredged material placement sites. To date,
twenty-five dredged material plumes have been tracked by using acoustic instruments
and ancillary equipmen't to obtain current and sediinent concentratlon profiles in the
water column. Dredged material sampling (pre- and post-release), in-situ water
sampling, aerial photography, and accurate ship and barge positioning Were
components of the, data collection. This paper provides an overview of the
instrumentation and procedures used in these projects together with a short review
of previous dredged material monitoring results from a previous Corps of Engineers
program.

INTRODUCI10N

The'U.S. Army Corps of Engineers is responsible for'assuring the navigability of
the nation's waterways and managing dredged material disposal sites. In 1987, the
Corps initiated a 7-year research effort called the Dredging Research Program (DRP)
with the objective of reducing the cost of dredging operations that the Corps of
Engineers conducts. This wide range of topics is bein,g addres'sed in five technical
areas at several Corps of Engineers research facilitIes. McNair (1989) describes the
structure and activities of the DRP in detail. '

-' ,-

The DRP Technical Area 1 (TAl), entitled "Analysis of Dredged Material Pla~ed ,
in Open Water," has as two of itsresponsibili~ies(1) development and verification of
numerical simulation models for assessing the short- and long-term phySIcal' fate of
dredged. material placed in open water, and (2) development of instrumentation f~r

measuring waves, currents, and sediment movement at dredged material placement

1) Physical Scientist, and 2) Senior Research Scientist, U.S. Army E~gineer
Waterways Experiment Station, Coastal Engineering Research Center, 3909 Halls
Ferry Road, Vicksburg, MS 39180-6199 '
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sites. The iristrumentation suites and associated hardware and. software will provide
more reliable and accurate measurement capabilities for managing sites than are
presently available. These instruments are' also being deployed in field projects to
acquire data for verifying numerical simulation models. of sediment movement.

One of the major thrusts in the instrumentation development is the PLUme
. MEasurement System, or PLUMES, that- will allow acoustic remote sensing' of
. dredged material concentrations. in the water column together with the three

dimensional velocity field of the surrounding water current. The PLUMES is•.
progressing in four stages as (1) proof of concept"(2) system design and'construction, '-~
(3) calibration, and (4) field testing, and it is presently in transition from ,Stage 2 to
Stage 3. During Stage 1, many field procedures and protocols vital for efficient and
proper operation of the instrument suite were tested, which as a by-product provided
excellent data sets unique in comprehensiveness,- quality, and coverage of sediment
plumes in different environmental conditions."

The present paper is intended to give an overview of the proof of concept tests
of the PLUMES. Previous research activities in this area conducted by the Corps of
Engineers in a predecessor research program to the DRP are briefly reviewed to
provide a perspective on the subject of monitoring dredged material plumes in the
ocean environment. .

EARLY PLuME TRACKING BY THE CORPS

In 1973, the U.S. Army' Engineer Waterways Experiment Station (WES),
authorized by Congress as part of the 1970 River and Harbor Act, initiated the
Dredged Material Research Program (DMRP)~ The DMRP was active over the
period 1973 to 1978 and originated many pioneering techniques. for monitoring
dredged material sediment plumes (e. g., Bokuniewicz et al.· 1978, Saucier et al.
1978). Part of the responsibility. of the DMRP was to conduct research in the area
of aquatic disposal and investigate the mechanics and movement of dredged material
released into open water. Prior to the DMRP, much of the information concerning
sediment plumes and associated sediment behavior had been theoretically based and
demonstrated only through laboratory studies (Wright t978). Field investigations to
monitor dredged material plumes were conducted at .five disposal sites (listed below)
in water depths ranging from 18 to 67 m in different re~ons of the United States that
were representative of a variety of dredging and disposal operations; (1) Ashtabula 
River, Ohio (Lake Erie), (2) Duwamish Waterway, Washington (Puget Sound),
(3) New: York Bight, (4) Rochester, New York (Lake Ontario), and (5) Saybrook,
Connecticut (Long Island Sound). Another activity of the DMRP was monitoring
disposed material impacts on the physical, chemical, and biological parameters of a
disposal site, for which the Aquatic Disposal Field Investigations (ADFI)' was
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established. The AFDI also monitored dredged material sediment plumes at the
Columbia River, Oregon, and the Galveston, Texas (Gulf of Mexico) disposal sites
(Wright 1978).

A 2DD-kHz acoustic transducer, in the form of a standard echo sounder
was a major device used, to monitor sediment plumes in many of the DMRP
field investigations. This device emitted one beam and was deployed during various' ,
investigations to scan downward, upward, and horizontally to, obtain acoustic
signatures of the plume. For scanning upward, a transducer was sometimes inverted
and placed on a tripod deployed below the placement site or suspended from the
dredge. Other transducers were deployed from the sampling vessel on a vertical pole
as a platform for downward and horizontal-scanning beams. The location and shape
of sediment plumes were detectable in the ambient fluid, but sediment concentrations
could not be inferred from these measurements (Bokuniewicz et a't 1978).

Plume concentrations were obtained at points by transmissometers arranged
individually or at fixed intervals in vertical arrays' arid deployed from the sampling
vessel. Submersible electnc pumps with plastiC hose attached also collected
suspended sediment samples in the water column, and flow meters were deployed at
the bottom of the placement site to measure flow rates of the plume. During some
monitored releases, samples of the dredged material were taken from the hopper of
,the dredge or barge for grain size analyses. '

Monitoring of sediment plumes in these DMRPexercises followed a general
pattern. The hopper dredge, or barge was anc~ored or remained, stationary at a
location in the disposal site marked by a fixed buoy. The sampling vessel was
positioned alongside the marker buoy or the release vessel, and other sampling
vessels were selectively positioned in and around the disposal site. In most cases, the,
sampling vessels remained stationary during and after, the release of the material, and
water column' sampling, acoustic sounding, and transmissivity measurements were
made as the plume passed ben,eath the sampling vessels (Bokuniewicz et al. 1978).

Among many important observations, it was found that the material fell rapidly
through the water column as a jet, impacting the bottom and spreading horizontally
along the bottom.in the form of a surge (Bokuniewicz et al. 1978). During.~ach field
in",estigation, assorted combinations of the' aforementioned' equipment and
procedures were used to collect varied data sets. Me'asurementsof descending
material speed, bottom surge speed and extent, and sediment concentrations from
water samples were, obtained for approximately 53' dredged material plumes,
providing valuable information on the basic characteristics and physical behavior of
the plumes. These data sets, together with varied monitoring procedures, provided
a basis for' future research into dredged material plumes..
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PLUME TRACKING IN THE DRP

The first stage of the PLUMES in the DRP, demonstration of proof of concept, .
was accomplished in 1989 and 1990. Two major field data collection projects were
conducted by TAl to meet the Stage-1 requirements; these were the Mobile,
Alabama, Field Data Collection Project (MFDCP), and the Miami;.,Florida, Dredged
Material Project (MDMP). The following provides a summary of equipment, proce
dures, and selected results of each project.

Mobile.' Field Data Collection Project (MFDCP)

The MFDCP was conducted off Mobile Bay, Alabama, during dredged material
placement operations taking place as part of the Mobile Ship Channel deepening
project. The dredged material consisted of varying mixtures of sand and silt/clay.
Measurements were made over a lO-day period·in late August and early September,
1989, at a disposal site located in 25- to 45-ft depth (Kraus and Prickett 1989). The
site was selected for study ,because monitoring of the physical processes at the
disposal site' (waves, tide, and current) had been irutiated prior to the MFDCP as
part of the National Berm Demonstration Project (McLellan and Langan 1991). A'
.description of the project related to dredged material sediment plume 'monitoring,
including procedures and properties of the data set, is contained in a comprehensive:
data report that compiles contributions by the individual rese~rchers (Kraus 1991).
A narrated color video documenting the MFDCP is also available (Kraus'- 1990).
Objectives of the MFD.CP were: ' , '

1. Collection of sediment plume dynamics field data for verifying and
impr~)Ving predictive numerical and physical simulation models.

2. Evaluation of state-of-the-art acoustic instrumentation for monitoring
sediment plume concentrations at dredging and dredged material
disposal sites.

3. .Development of guidance for monitoring dredged material plumes.

4. Collection of field data on boundary layer physics.

The MFDCP plume monitoring was conducted aboard a l05-ft-Iong oceanograph
ic research vessel, theR/V Pelican, contracted from the Louisiana Universities Marine
Consortium located in' Cocodrie, Louisiana. A 12-person study_ team, .including the
authors, was drawn from the Corps of Engineers, private industry, and ,the academic
community to conduct' the project.. This paper concerns activities and results of'
Objectives 1 to 3., ' ,

Two suites of acoustic instruments were assembled to "track" or survey the
dredged material plumes. One was an Acoustic Doppler Current Profiler (ADCP)
operated by the manufacturer, RD Instruments, under DRP specifications (Lohrmann '
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and Humphrey 1991). The ADCP measured the three-dimensional (3D) profile of
current velocity through the water column with a four-beam 1.2-MHz transducer and,
was tested for its capability to detect relative sediment concentration in the plume
while simultaneously measuring the current field and recording the position of the
ship by bottom tracking (Lohrmann and Humphrey 1991). The ADCP was mounted
on a pipe that was lowered into the water in a vertical position during survey
operations.

The other acoustic instrumentation suite consisted of an Acoustic Concentratiori
Profiler (ACP) and supporting recorders developed and operated by the Ocean
Acoustics Division, Atlantic Oceanographic and Meteorological Laboratory,- National
OceanographIc and Atmospheric Administration (NOAA). The ACP measures
sediment concentration by means -of acoustical backscatter intensity in the- -water
column (Dammann and Proni 1991). Two single-:beam transducers operating at,
20 kHz and 200 kHz were housed in a fish-shaped towbody that was deployed off the
side of the ship in the vicinity of the ADCP during survey operations.

Becau~e acoustic sensors measur~ sound backscatter and do not directly yit?ld the,
sediment concentration, sediment samples were obtained to calibrate and compare
concentrations inferred from the instruments. A 12-cylinder rosette-water sampling
apparatus equipped with standard devices to measure conductivity, temperature, and
depth (CTD) was also"deployed before and during tracking procedures to measure 
in the sediment plume. -In-situ sediment concentration and salinity samples were
obtained by triggering the 5-t rosette cylinders at various depths. All plume tracking
instrume-nts were connected to independent computer systems -located in several
laboratories onboard the R/v Pelican, allowing real-time monitoring during tracking
operations. Figure 1 isa schematic'illustrating the deployment of the rosette and
acoustic instruments during tracking (instruments drawn at larger scale).

Other equipment operated during the :MFDCP inCluded a Mini-Ranger micro
wave positioning system for accurate ship positioning, a current meter array deployed
at a stationary site for the duration of the :MFDCP, and a clamshell grab sampler for

-obtaining dredged material samples from the disposal site after survey operations.
Sediment samples were also taken from two split-hull_ barges during the monitoring
operation.

The:MFDCP scientific crew was divided into four teams consisting of navigation,
ACP operation, _ADCP operation, and a deck crew. The deck crew took sediment
samples (suspended sediment and bottom grab samples) -and visually tracked the
surface sediment plumes (Kraus, Ebbesmeyer, and Smith 1991)~ Prior to monitoring
operations, a can buoy was deployed at designated coordinates selected for material
placement. A tug with a ba;rge in tow arrived at the placement site at approximately
7-1/2-hr intervals, typically allowing two rele_ases to be monitored during daylight
hours. All equipment-clocks (ADCP, ACP, Mini-Ranger, and CTD) were synchro-
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R/V Pelican

o
(ACP) (CTD) (ADCP)

Figure 1. Sc~ematic of acoustic instruments and roset.te
deployed during plume tracking operations

. .
nized to provide accuracy for data comparison and analysis. Pre-release background
ern and water samples were obtained, and instrument surveying began approximate
ly 10 min before the dredged material release. The navigation team on the bridge
tracked the route of the tug and split-hull barge using. the ship's standard Loran-C·
latitude and longitude coordinates and radar, and recorded the position of the ship
as a backup to the Mini-Ranger system. As the tug neared the release site,
coordination by radio with the tug captain enabled the RjV Pelican to be positioned.
close to the barge prior to the release. Once the barge released its material, the
RjV Pelican moved into the sediment plume on a predetermined initial course..

Two tracking strategies were followed in· monitoring the plume during the
MFDCP (Figure 2). In one type of tracking, called transverse transect tracking, the
R/V Pelican moved across the sediment plume perpendicular to the course of the
barge.. After crossing the plume, the R/V Pelican turned approxiniaiely 180 deg and
cut across .the plume again. .This type of tracking allowed observation of. the
development of the. vertical and lateral ·extent of the plume as .it evolved over a
period of as long as an hour (Kraus, Ebbesmeyer, and Smith 1991).

.The other tracking strategy was termed longitudinal transect tracking; as the barge
released its material the R!VPelican entered into the plume directly and followed the
barge. The length of the plume was thereby monitored during this transecting
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LONGITUDiNAl TRANSECT

Figure: 2. Schematic of two mam plume tracking procedures'

procedure. A combination of both the transvers,e and longitudinal tracking
procedures was sometimes used. An example track of the monitoring ship executing ,
transverse and longitu,dinal transects is sh'own in Figure '3.

Once the s'ediment plume disappeared from the water surface, typically ,after the
first transect, tracking the plume in the water column was continued through sub
surface detection by the ADCP' team. By using ship headings; real-time current
readings through the wat~r colunin, and observation of backscatter from the sediment
particles, the ADCP team was able'to estimate the position of the main body of the
plume' and direct 'the captain of the RjV Pelican into the 'next transect for continued
plume'monitoring, even in the presence of a shear current that separated the plume
body. During some surveys, tracking was interrupted to obtain suspended sediment
sample's of the plume. When the plume was no longer detectable, the R/V Pelican
returned to the location of the release to obtain ern and bottom-grab samples.
Aerial photographs were taken of the monitoring activities and sediment plumes for
four days during the MFDCP.

The MFDCP produced a large and varied data set, and more data than had been,
anticipated were obtained because of excellent weather and well-functioning
equipment. Eighteen dredged material plumes were surveyed within' the IO-day
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FigUre 3. Complete ship track of plume monitoring using
both transverse and longitudinal transect methods

monitoring period, allowing various tracking techniques to be tested and refined.
Plume dynamics within the water column, bottom surges resulting from dredged'
material impact on the floor of the disposal site, and internal waves (a phenomenon
not well documented in dredged material releases) were observed. Figures 4 anp 5
are examples of data that were obtained during th~ MFDCP. Figure 4 is a black.and
white version of a more clear color plot of acoustic backscatter through the' water
column from the ADCP With elapsed time plotted from left. t~ right. Ea~h peil:k
(indicated by an arrow) signifies one pass of the ship through the plume. It can be'
seen with each pass that the plume collapsed toward the sea bottom. The last pass
was recorded at approximately 45 min after the initial release and shows the sediment
concentration in the water column had almost returned to background. Figure 5
(Dammann and Proni 1991) shows a contour plot of acoustic backscatter intensity
obtained from the ACP during the first pass of the ship through the plume in a
transverse transect. This plot exhIbits the classical shape of the plume as an inverted
mushroom with material impacting the bottom. Also, the lateral extent of the plume
can be seen. These data sets will be used to verify numerical and physical simulation
models and provide a foundation for further research into the dynamics of dredged
material disposed in open water.
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Miami, Florida, Dredged Material Project (MDMP)

The :MDMP was conducted in two phases in the spring, 1990, offshore of Miami
Beach, Florida. Phase 1 monitored disposal operations at the Ocean. Dredged
Material Disposal Site (ODMDS) located approximately 3 miles east of Miami Beach
during dredging operations to deepen the turning basin in the Port of Miami.
Phase 2 consisted of post-disposal baseline studies. The project was conducted by the
U.S. Army Engineer District, Jacksonville, the Coastal Engineering Research Center
(CERC) located at WES, and the same team from NOAA that had participated in
the MFDCP. The objectives of the project were to (1) investigate the potential for
dredged material released at the ODMDS to reach coral reefs east of Miami Beach
and northwest of the ODMDS, (2) verify short- and long-term numerical model
predictions of dredged material movement at the Miami ODMDS performed for the
Jacksonville District by CERC (Scheffner and Swain 1990), and (3) further refine
plume tracking procedures used in the MFDCP.

The acoustic tracking equipment used during the MDMP was similar to that
tested during the MFDCP; however, a 150-kHz ADCP was used to reach to greater
depths' than possible with the MFDCP 1200-kHz ADCP system. Both instruments
were deployed in a similar manner to the MFDCP and connected to individual
computer systems placed aboard a 105-ft-Iong research vessel, the R/V Seaward
&pw~.' .

Other equipment used during theMDMP was a fish-shaped' pump sampler'to
which approximately 30 m of hose was attached. The sampler was connected to a
cable and lowered to approximately 5 m below the water surface from the stem of
the ship to provide continuous water samples while the ship passed through the
sediment plume. The water samples were obtained for sediment concentration
analysis and comparison with the ACP and ADCP data. Also,measurements of
conductivity, temperature, -and depth in the water column were made with standard
oceanographic sensors. The ship's position while monitoring the plume was recorded
with a Loran-C navigational system.

To monitor the sediment plume, the coordinates of the upcoming placement were
obtained from the captain of the hopper dredge Atchafalaya, and the R/V Seaward
Explorer proceeded to the site to await the dredged material release. All instrumen
tation was turned on prior to each release to obtain background concentrations and
current profiles. The dredged material releases occurred at approximately 2-1/2 to
3-hr intervals, allowing a maximum of four releases per day to be monitored during
daylight hours.

Pre-disposal sediment samples from the hopper of the dredge were obtained
during transit to the ODMDS. Approximately 1500 cu yd of material were released
from the Atchafalaya for each load, which consisted of a fine silt/clay fluff. Once the
dredged ma~erial ~as released, the resultant plume was clearly visible because of the
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clarity of the surrounding- water, and distinct surface boundaries of the plume and
water interface were observed. -

Two sampling strategies were implemented during the MDMP. The first was to
follow the surface plume as it was carried away from the site by the currents and
determine -its position relative to the coral reefs of concern. The frequency of
placement operations limited the monitoring- time of each plume to approximately
1-1/2 to 2 hr to allow the R/V Seaward Explorer adequate time to return to the
placement site and prepare for the next release. The mai,n objective of the second_
strategy was to monitor sediment concentrations in the initial release area and
quantify sediment penetration in the water column at the ODMDS. -

During Phase 2 of the MDMP, extensive post-dredging background -data of
sediment concentration and current profiles during periods of high and low tide were
obtained to provide baseline information for the sediment plume observations made
during Phase 1. The equipment used for this phase were an ACP, CTD, and an
electromagnetic current meter. The CTD and current meter were deployed off the
stern of the vessel at selected stations. ' Baseline conditions were continuously
monitored for approximately 3 days, during which time repeated transects were made
on a predetermined grid runrung north, east, and west of the ODMDS.-

In' the 3-day period of Phase 1, despite rough sea conditions, eight dredged
material plumes released in depths ranging from 100 to 200 m were tracked. The
MDMP is the first known successful monitoring of sediment plumes at a deep-water
site. During both phases of the MDMP, an extensive, high-quality data set was
obtained that is comprised of sediment concentration profiles and current velocity
through the water column during periods of dredged material disposal activity and
natural (non-disposal) conditions. Field observations and preliminary analyses of the
MDMP data set show that the majority of dredged material placed in- the ODMDS
fell rapidly to the ocean bottom, with only a small portion of the lighter dredged
material remaining in the water column. The data indicate the material remaining
in the upper water column was dispersed in a northeasterly direction~ away from the
coral reefs off Miami Beach. Also, comparisons of MDMP preliminary results with
the short- and long-term numerical model predictions are favorable, supporting
previously performed numerical simulations of dredged -material plumes (Scheffner
and Swain 1990).

DISCUSSION

There are inherent practical difficulties in tracking dredged material plumes.
Accurate vessel positioning is required to determine the locatiqn and movement of
the sediment plume in a current. Standard latitude and -longitude coordinates
obtained from Loran-C positioning systems (with a nominal accuracy of +/- 50 m)
provide adequate accuracy for localized positioning. However, much greater accuracy
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is required to determine the exact plume location, and standard positioning systems
fail to meet this criterion. The Mini-Ranger microwave positioning system,
which monitors the ,track of the vessel from land-reference stations, has an accuracy
of +/- 3 m and is suitable in principle for disposal operations' near to shore.
However, interference With microwave towers located on drilling rigs in the vicinity
and loss of transmission due to malfunctions during some surveys were experienced

.during the MFDCP, resulting in occasional gaps in position data. When this
occurred, backup Loran-C coordinates were used to plot the track of the ship
(Coomes and Prickett 1991): With the advent of a 24-hr Global Positioning System
that presently has a horizontal accuracy of about 3 m, it will be possible to locate the
tracking vessel and hopper barge or dredge without interference for all operations
open to the sky (excluding, for example, the vicinity of bridges).

The position of the hopper barge during the MFDCP was plotted using radar
during tracking operations. This activity required two people who were only able to
take readings. at approximately 2-min intervals. The barge tracking technique was
subject to human error and did not provide the position of the barge to the degree
of accuracy desired, which, in turn, would provide the initial position of the plume in
a geo-reference system. During the MDMP, the track of the dredge was not
monitored. It is desirable that both the ship and barge or dredge positions be
monitored with 10-m accuracy.

An attempt was made during the MFDCP to take suspended sediment samples
with a rosette while tracking the plume. This proved difficult because the ship had
to stop to take the samples during whIch time (approximately 20 min) the sediment
plume and ship had already drifted from each other. During the MDMP, a pump-out
system was utilized, but again, the movement of the plume was such that it was
uncertain whether the instrument was in or out of the plume. This problem can be
considered site-specific and might not be encountered in other studies.

FUTURE OF DREDGED MATERIAL PLUME TRACKING

Dredged material plume tracking studies have provided considerable information
and insight into the physical processes associated' with dredged material disposal.
Preliminary analyses of the data collected from the DRP studies indicate that
determination of absolute concentration ranging over several orders of magnitude will
be possible with acoustic' instruments. Plans for plume tracking in the future include
field data collection projects- under various environmental conditions for further
verification of numeri~~d physical simulation models.

Based on DRP tests, a five-beam Broad Band Acoustic-Doppler Current Profiler
is currently under development with improved features such as increased vertical
resolution and lower production costs. Laboratory testing and comprehensive
calibration of this new version of PLUMES will be conducted in 1992.
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Dredged material plume tracking'has made considerab~eprogress since the 1970's.
Sophisticated yet reliable acoustic instrumentation ,has evolved that allows monitoring
plume dynamics beyond the water surf~ce, and tracking procedures have been
developed and refined for optimum data collection.·'Emphasis today is placed on
management and plonitoring of dredged material disposal sites (for example, see.
Skarbek 1991). The present success of the PLUMES together with subsequent
developments and refinements 'Will provide assistanc,e, and guidanc~ for management
of dredged material disposal sites in the future.
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PROBLEMS ASSOCIATED WITH DREDGING AND
DISPOSAL OF DREDGED MATERIAL IN F·LORIDA WATERS

Mark P .. Skarbek*, , P. E;

ABSTRACT

With an ever increasing interest in the well being of our environment,
many. previously routine' operations such' as maintenance dredging are
becoming more and more complex. Implementation of dredging programs now
requires coordination with several State and Federal agencies to ensure
that there is no adverse impact to endangered 'species and the environment.
Asn~w rules and regula~ions are developed, procedures for dredging and
disposal' operations .will need to be modified to. take .into: account the
'impacts to these diversified aquatic communities."

INTRODUCTION·
. .

The Jacksonville District· of the .Corps of Engineers is one of ··the· sub
groupswithi,n the South Atlantic Division based in Atlanta, Georgia. The
District covers all of the Florida, Peninsula, Jutting into southern
Georgia, along .the lower portion of the'Suwannee River basin, "and reaching
l,150 ':miles southeast of Jacksonville to include Puerto Rico' and the
American Virgin Islands. The majority of the District is composed of the
Florida Peninsula. This is part of a larger geographic unit known as the
Flo~idian Plateau, which separates the deep waters of the Gulf of Mexico

'from similar waters in 'the Atlantic. The east coast of Florida consists
of relatively straight beach composed of a series of sandy barrier islands
'!:>etween the mainland and the. sea. . Interspersed along the barriers are·
inlets carrying the peninsula's waters ,to the Atlantic. Much of Florida's
sandy beach material .originated in Georgia and the 'Carolinas, brought to
the, Atlant'ic Ocean by rivers of that region. The longshore' current and
wave action gradually moved the silica sand southward. The littoral drift
of this sandy material along ~he coast is quite slow and may be interfered
with by inlets or other disrupting devices. The material distribution for
most of the projects i~ south Flor.ida·is typically beach quality sand in
the inlets and entrance channels, and silt, silty sand .or clay in the

. turning basins. The state of Florida typically considers sand to be beach.
quality if it contains less than lOpercent silt.

* Civil .Engineer, U.S. Army Engineer District, Jacksonville, Operations
Branch, 400 W. Bay St. ,Jacksonville FL ·32232
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The Jacksonville District is responsible for maintaining and managing
over 2,165 miles of authorized Federal naviga'-ti'on proj ec ts. The Corps
maintains 57 projects in the"state of Florida and 8 in Puerto Rico and the
Virgin Islands. 'These proj ects account for, almost 9 percent of the
nations 25, 000 miles of Federal navigation 'channels. The maj ori ty of
these navigation channels require periodic maintenance'dredging to ensure
safe and efficient operational conditions for maritime traffic. Keeping
these wa'terways open for commerce is -one of the Corps' primary functions.

, ENVIRONMENTAL,CONCERNS

The Florida Department of Environmental Regulation is the state agency
responsible for safeguarding Florida's natural resources. Their concerns
are, primarily for the environment, in particular, water 'quality,
protection of endangered species, and coastal protection. The state, and
local government concerns for the environment are strong, ,and local
legislation designed to prot~ct th~se resources is becoming more and more'
severe.

Florida has an environm~nt consisting of some of the most sensitive
marine ecosystems found anyWhere 'in the world. Endangered species abound,
from the Mana~eeto the Kemp's ridley sea ,turtle, and Florida is a haven
for these creatures. There is concern for sea grasses that shelter
juvenile fish, 'as well as ,the ever eroding nesting beaches' for the sea
turtles. Almost every dredging project will have some sort of impact on
these resources.

Lying just beneath the ,surface of the waters of southern Flo'rida is one
of the most diversified and fragile environments in the world. 'Florida's
coral and rock reefs provide shelter; food, and breeding sites for
numerous plants and animals, including more than 600 species of, fish.
These reefs also protect the barrier islands themselves. Because they lie
just offshore and run parallel to the shoreline, the reefs act as natural
breakwaters, dissipating the energy of sto~ waves. Scientists estimate
reef growth to be one to sixteen feet every 1,'000 years. With such a slow
growth rate any loss'of living reef can be'considered a permanent loss.
Recent studies indicate that the reefs of~shore florida are being lost at
a rate of about 4 percent per year.

Seagrass

Seagrass meadows grow in the shallow waters of south Florida out to the
reef lines, and are' a natural trap'for sediments. The predomin~nt turtle
grasses, which are particularly vulnerable to pollution, are nursery and
feeding grounds for many attaching invertebrates and for the larvae and
young of many fish. Adult fish from the reefs often feed among the
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seagrasses, and endangered species of green' sea turtles and manatees
browse there regularly.

Sea Turtles

. Four species of sea turtle are found along the Florida coastl,ine that
are listed as 'endangered by the National Marine Fisheries Service, ,and one
species, is listed as threatened. Of these five species, three species,
the' Kemp's ridley, the green, and the loggerhead, are affected by dredging
ac~ivities. Turtles use Florida's beaches for nesting' and ~he disruption
that occurs with beach disposal hinders nesting. Turtles are commonly
fO,und nesting on the, beaches from March 1 through November 30.

Manatees

The West Indian Manatee is a large, slow moving aquatic mammal with a
broad head, front flippers, and a broad, horizontally flattened and
rounded tail. They vary in length from 7 to 13 feet and weigh up to 1300
pounds. Manatees inhabit shallow coastal waters, particularly in the
seagrass beds throughout coastal Florida, ,where they feed on aquatic
vegetation. Manatees are being killed at an increasing rate due to
collisions with boats;

Water Quality
, .

Turbidity standards for most classes of waters in the State of Florida
is 29 Nephelometric turbidity units ,(NTU) above natural background.
Typical background in south Florida is 1 NTU. A violation of this
standard constitutes pollution under section 17 - 302.510 of the Florida
statutes. Temporary degradati.on of water quality'is unavoidable, with
dredging operations.

OPERATIONAL STANDARDS

Procedures associated with the environmental laws and regulations
require consideration of all facets of the dredging and disposal operation
to include cost, engineering feasibility, environmental concerns, and all
practicable alternatives. The alternative selected should be the one that
meets required environmental laws and regulations, in the least costly
manner consistent with sound engineering practice. This is defined as
the Federal standard. The Corps must adhere' to the Federal standard for
execution of all dredging operations. Even though Federal law supersedes
State law, a Memorandum of Understanding has been signed that requires the
Corps to obtain state approval of Federal dredging projects.

Before 'a dredging project can proceed, Water Quality Certification must
be issued for the proj.ect by the state. The passage of the Clean Water
Act;: of .1977 (PL 95-217) 'created the requirement that Federal Agencies
obtain water quality certification and appropriate state authorizations
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for certain' activities resulting in the discharge of dredged or fill
materials into state waters. This requirement culminated in a Memorandum
of Understanding between the United States Army Corps of Engineers and the
State of Florida, that requires the Corps to submit with its application
tl1e proj ect plans, preliminary and historical chemical. biological,
hydrographic and hydrological data including core boring logs, grain size
analysis, and previous dredging quantities. Even with all this data, the
State reserves the right to request additional data in order to evaluate
the proposed project. For dredging activities the Corps must supply a
Statement of Consistency with the Florida Coastal Management Plan, based
on its analysis of the environmental impact of the activity on the coastal
zone and a listing of the applicable state laws with which the Corps has
complied. Additionally, a Public Notice must be issued by the Corps at
the time of application.

Once all these conditions have been met, a Water Quality Certificate
will be issued. Listed in the WQC will be a set of "specific conditions"
that are essentially the environmental restrictions for that particular
project. Typical specific conditions for Florida projects are as follows:

Manatees

If manatees are sighted within 100 yards of the dredging area. all
appropriate precautions shall be implemented to ensure protection of the
manatees. These precautions shall include dredge, shutdown if appropriate.
All vessels associated with the project shall operate at "no wake"'speeds
at all times while in shallow waters, or channels, where the draft 'of the
boat provides less than 3 feet clearance of the bottom. A daily reporting
log detailing all sighting,' collisions with, inj~ries, or the killing of
manatees shall be kept. The contractor shall be held responsible for any
manatee harmed, harassed, or killed as a result of the construction of the
project.

Sea Turtles

If dredging and placement of material in the beach fill area along
Florida Beaches has commenced on or before March 1st, turtle monitoring
and nest re10cation'shal1 commence on March 1st and continue concurrently
with the performance of work. Nest relocation activities must begin 65
days prio~ to nourishment activities which occur within the nesting and
ha.tching season or by March 1, whichever is later. The moni tor ing
activities shall be performed until commencement of placement of material
on the beach and shall be continued concurrently with the performance of
work. Nest relocation shall continue through November 30 or completion
of the project, whichever comes first.

Turbidity

Turbidity is measured. in Nephelometric turbidity units (NTU) I anq·
analyzed on site as soon as possible after' collection. One set of three
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samples will be taken·at.a point 150 meters downcurrent from the dredge·
within any visibleplurne a~ the surface, mid-depth, and one foot above the
~ottom. One background set of samples will be taken at least 500 meters
outside of the area influenced by the dredging operation, at the surface,
mid-depth, and one foot above the bottom.. If· monitoring indicates a
violation of the water quality standard for turbidity,' immediate
corrective actions shall be taken. Corrective action shall include .any
practical measures, up'to and including shutdown of operations~

Reef Monitoring

Monitoring.. of the hardbottom communities. within the project vicinity
shall be done for each disposal event ...Monitoring shall be conducted for
both pre-and post-disposal~

Reef monitoring is.a new addition to the list of specific-conditions
and, as such, has yet to be specifically defined. Its inclusion is due
in part to the results of recently performed reef studies. The results
of these studies indicate that Florida's reefs have been substantially
degraded during the past 20 years. These results have made the protection
of the reefs of primary importance. There isa perception that dredging
and disposal operations do great amounts of'damage to reefs. For example,
the July 1990 issue of National Geographic had an article titled "The
Coral Reefs of Florida are Imperiled", in which the author stated "Coastal
development such· as dredging causes direct .destruction of reefs and
indirect damage from sewage and increased silt deposits". The result of
this type of article is increased regulation of dredging operations.

DREDGING AND DISPOSAL OPERATIONS

Dredging operations in Florida are an attempt to meet the specific
conditions of the water quality certification while adhering to the

. Federal standard. Because much of the material dredged from the various
inlets is beach quality sand, and several of the approved beach disposal
areas are adjacent to the project, we can easily meet the specific
conditions for these projects. Problems arise when material that is less
than beach quality must be dredged. This is where the environmental
restrictions start driving the selection of dredging 'equipment and
disposal options.

The precautions ·for manatees are universal for the state of Florida and
must be adhered to for any type 'of dredging operation. . The same is
effectively true for sea turtles, if material is going on the beach all
the previously described precautions must be taken. The requirements for
dealing with manatees and turtles have for the most part been effectively
addressed. The key issue now is turbidity.and sedimentation, and their
effect on seagrass and coral reefs. The State standard for allowable
turbidity is 29 NTU's above background; however, due to the nature of some
of the sediments typically. found in Florida waterways, maintaining this

239



standard" can be virtually impossible. A case in point is a dredging
operation performed in Miami Harbor in 1990. Turbidity became an issue
in both the dredging and disposal operations. Material in the Miami
Harbor turning basin consists of a very fine silt and clay that go into
suspension very quickly when disturbed. This material had been previously
tested and subsequently approved by EPA for disposal in the interim
offshore disposal site (figure 1). Miami Harbor had not been dredged with
a hopper dredge prior to this project and information was not available
as to how silty materials contributed to turbidity by remaining in
suspension. During dredging operations in the turning basin, which has
minimal water circulation, standard dredging practice was observed and
overflow to maximize the load was allowed. At this" time turbidity within
the basin was found to be above 200 NTU's. Because of the high turbidity,
overflow was discontinued. Turbidity within the basin ranged from 24 to
above 100 NTU's with no overflow from the dredge. It should be noted that
when a cruise ship was turned in the basin, turbidity readings of 54 NTU's
were observed. The no-overflow option resulted in 8 minutes of actual
dredging per 4-hour dredging cycle. Typical loads ranged between 200 and
400 cubic yards of solids per trip for a l,300-cubic-yard hopper dredge.
Three different dredges were used on this project, and all three
experienced the same problems. In this case the production rate was
driven by the environmental" concerns.

There is considerable opposition to the use of offshore disposal sites
in Florida. Much of this opposition is driven by concern for the fringing
coral" reefs. The environmental community" has been very vocal in
expressing its "concern that material disposed in the offshore "sites will
adversely affect the reefs. As a result, the Florida Department of
Natural Resources has been proposing legislation to try and block use of
the offshore sites, even though they are outside of the State's
jurisdiction.

In the case of Miami, and most dredging projects in Florida, disposal
options are extremely limited. There are no upland disposal sites in "the
Miami area with the capacity necessary for disposal of material from
maintenance dredging of the harbor, and real estate" prices preclude
acquisition of additional sites. Beach disposaL is not a viable option
because the material does not meet the State's criteria for beach quality
sand. Nearshore disposal, such as feeder berms, is not possible because
of the proximity of the fringing coral reefs. The only feasible disposal
option is the offshore site.

The U. S. Environmental Protection Agency (EPA) will" penDi t ocean
dumping only at sites selected" to m~n~m~ze impacts on the" marine
environment. Locations and boundaries of disposal sites are chosen so
that temporary perturbations in water quality or other environmental
conditions within the site can be expected to return to normal before
reaching any beach, shoreline, marine sanctuary, or fishery. Other
factors that are considered are the types and quantities of material to
be disposed of, dispersion and mixing characteristics of the site,
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interference with shipping, fishing, or recreation, -and the feasibility
of monitoring. Addit~onally, an environmental impact statement will be
issued prior to designation.
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The situation now is whether the EPA interim site offshore Miami is
located too close to the coral reefs. Several expert physical
oceanographers were consulted with the result being considerable
disagreement as to where the material would go and -what effect the
localized currents would have. These questions were satisfactorily
answered _during a monitoring study run concurrently with the disposal
operations.
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MONITORING

Prior to the start of the Miami project, and as part of the designation
process for the offshore disposal site, a numerical simulation model study
was performed to determine the suitability of the interim EPA dredged
material disposal site offshore Miami. Because the primary concern was
the coral reefs located shoreward of the disposal site, the substantial
existing current data were used to define a maximum reef-directed velocity
vector for the model as a worst case scenario. The numerical model
simulates the convective descent and- dynamic collapse of the sediment
plume on the ocean bottom, and can be used to determine whether local
bottom currents are of sufficient magnitude to erode and transport mounded
material. Results of the -modeling indicated that any plume would be
dispersed before it CQuld reach the reef and that material reaching the
bottom would remain at the site.

During the designation review process, questions were raised by the
State of _Florida as to the accuracy of the model. Because of these
concerns a field study was conducted to investigate the dispersion
characteristics of _the interim disposal- site located offshore of the
entrance channel to Miami Harbor. The main obje~tiveof the field study
was to identify and monitor the environmentally significant ph::sical
processes at the. ODMDS to determine the - accuracy of the previously
performed numerical modeling. The field investigation was conducted by
the U.S. Army Engineer District, Jacksonville, the Coastal Engineering
Research Center (CERC) of the U. S. Army Engineer Waterways Experiment
Station (WES)~ and the Atlantic Oceanographic and Meteorological
Laboratory (AOML) of the National Oceanic and Atmospheric Administration.
The water current velocity, physical properties of the water, and sediment
concentration during dredged material placement operations were measured
with state-of-the-art acoustic instruments and in-situ water sampling by
a drogue pump-out system. One instrument suite centered around a 20-MHz
and 200-MHz Acoustic -Concentration Profiler. This instrument provides an
acoustic backscatter intensity from which relative sediment concentration
can be inferred. The other instrument suite was . a iSO-MHz Aco~stic
Doppler Current ProfHer (ADCP). The ADCP supplied data ·on the three
dimensional water current velocity field through the water column. These
instrUments were used to track eight plumes, and with each tracking
episode the results were the same. - The field-study demons~rated that the
majority of dredged material descen~s rapidly to the ocean bottom, leaving
only a very small fraction of suspended sediment in the upper layer of the
water column. The sediment concentration and current measurements
indicated that the suspended material dispersed rapidly as it moved in a
northeasterly direction away from the reefs (figure 2). The results of
the field study confirmed predictions of the numerical model, namely, that
use of the Miami ODMDS poses no risk to the coral reefs.
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This study demonstrated the effectiveness of the use of acoustic
systems for environmental monitoring. This new technology will
effectively address concerns about the short- term fate of suspended
sediments associated with dredge plumes. Jacksonville District plans to
utilize this technology on future dredging projects in order to determine
suitability of offshore disposal sites.

CONCLUSION

Concerns for the welfare of the environment ar~' the driving' force
behind exceedingly more rigorous rules and regulations for dredging and
disposal operations. No matter how well intentioned, many of the
perceptions and ideas about dredging operations are not in fact accurate.
The only way to ensure that efforts are focused in the right direction is
through a continuing program of research into dredging and disposal
alternatives, and monitoring options. Additionally, an aggressive program
to educate the public about the factual situation of modern dredging and
disposal operations and the effort~ made and procedures used to protect
and enhance the coastal and ocean environment must be initiated.
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UNPRECEDENTED MIGRATION OF A SUBMERGED MOUND
OFF THE ALABAMA COAST

Edward B. Hands1

ABSTRACT: Nearshore nourishment can now be successfully adapted to many
· dredged "c.iceari inlets by taking advantage of improved disposal positioning, a well

documented history of field experimentation, and recent advances in sediment
· response modeling. Early nearshore nourishment experiments failed because material

was placed' too deep for mobilization by local currents. More recent successes began
with a proof-of-concept in extremely shallow water. and steadily progressed to deeper

· placement sites. These testS are described briefly. The present practicality of-feeder
berms is illustrated with data on sustained shoreward migration from sites deep
enough for routine placement of large quantities of dredged material .. Wide-spread
use of clean, inlet-dredged sand to mitigate chronic coastal erosion is technically
feaSible and should prove economically expedient at many sites.

EARLY RECOGNITION OF DREDGED MATERIAL AS A RESOURCE
FOR BEACH NOURISHMENT

Santa Barbara

The U.S. Army Corps of Engineers (CE) has long advocated beneficial uses for dredged
material. 'The concept Of placing dredged sand where naniral currents would move it ashore has a
long history of mixed successes and disappointments', In 1928, construetionof a nonfederal harbor
at Santa Barbara, California, completely interrupted the almost unidirectional longshore transport of
sand ,from west to east. Extensive shore erosion developed downdrift. In 1935, a CE study'
recommended .. that the sand that had to be dredged periodically to maintain the harbor should be
placed in a feeder berm near 20- to 22-ft (6.1- to 6.7-m) depths (U.S. Congress 1948, Hall 1952,
Wiegel 1959, and Penfield 1960)~ The berm was built that year. After 21 months, with no
measurable movement of the berm or lessening of the shore erosion, offshore placement was
abandoned in favor of pumpiDg dredged material onto the beach. For over half a century, periodic
direct beach placement has been used as an acceptable means for restOring littoral drift downdrift of
this harbor. If the initial nearshore placement had proven effective, it ~ould have been preferred

1 Research Physical Scientist, USAE Waterways Experiment Station, Coastal
Engineering Research Center, 3909 Halls Ferry Road, Vicksburg, MS 39180-6199
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because of its substantially lower cost. Now, with more than half a century of experience in
bypassing and direct beach placement, five communities in Santa Barbara County and adjacent
Ventura County are considering regional shore enhancement plans that include much larger feeder
berms built with offshore dredged material (Noble 1989). Along this section of coast, the directional
pattern of the waves is complex. Islands about 30 miles (50 kIn) offshore cause local shadowing; a
steep and complex nearshore bathymetry introduces refraction and shoaling variations. To be
successful at this complex site, feeder berms must be sited carefully for maximum exposure to
onshore transport processes.

Atlantic City. New Jersey

Immediately after the first feeder berm attempt was dropped at Santa Barbara, the concept
was carried to two higher energy sites on the New Jersey coast. Larger volumes of dredged material
were deposited nearshore and downdrift of Atlantic City. Hall (1952) gives the volume of each of
four separate nearshore placements (Table 1) indicating placement depths of 18 to 20 ft (5.5 to 6.1
m). A total 3,554 K cu yd (2,717 K cu m) of sand were hopper-dredged from Absecon Inlet and
placed offshore of Atlantic City beaches between April, 1935, and September, 1943. Half and Watts
(1957) report that deposits in 15- to 20-ft (4.6- to 6.1:-m) depths off Atlantic City were "closely
observed to determine whether any perceptible quantity of the dumped material moved to the beach.
The findings were negative and reports indicate that in 1940 serious erosion of the beach for a

distance of 6,000 ft south of the inlet became evident. ". .After 13 years, experiments with nearshore
nourishment were dropped at Atlantic City, just as they had been at Santa Barbara, in favor of direct
placement on the subaerial beach.

Table 1

Nearshore Placement of Dredged Material off Atlantic City. New Jersey
Data from Hall 1952 and House Doc #538 1950

Placement dates Volume
[K cu yd] [K cu m]

Apr 1935 to Mar 1936 792 . 606
Feb 1937 to Sep 1937 900 688
Aug 1938 to Dec 1938 500 382
Aug. 1942 to Sep 1943~ .lMl

Total 3,554 2,717

Direct Placement of Dredged Material on Atlantic City Ocean Beaches
. Data from U.S. Congress 1950 and Sorensen, DouglaSs, and Weggel 1988

VolumePlacement dates

.1948
1963

.1970
1986

[K cu yd]
750
560
830

.L.QQQ
Total 3,090
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. There was no further dredging or nourishment until 1948 when 700 K cu yd (214 K cu m)·
of sand was dredged from a large shoal on the north side of Absecon Inlet and pumped directly on
Atlantic City Beaches (U.S. Congress 1950). Southward moving drift continually feeds the dredged
shoal so that it serves as a renewable source of sand for large beach-fill projects that are necessary
to protect Atlantic Citypioperties (Table 1). Following the first direct beach nourishment in 1948,
hydraulically dredged sands have been pumped to beaches as far as 9,000 ft (2,700 m) south of the
inlet. Extensive data were collected on the fate of native and fill material at this site (Everts,
DeWall, Czerniak 1974; McCann 1981; and Sorensen, Douglass, and Weggel.I988). Periodic direct

· placement has been .accepted as effective and necessary at this location. No further consideration
appears .to have been given to nearshore placement. However, some of the bathymetry and shorel ine
changes reviewed for this paper suggest that the 1935 to 1943 nearshore placements may have
eventually moved southward and helped accrete profiles inside 6-ft depths and to even prograde the
shoreline south of Central Pier between 1939 and 1948. A verified model to predict the fate of
nearshore deposits could reduce the cost ofbypassing at Absecon Inlet by optimizing a combination
of direct placement to the heavily structured section close to the inlet and .nearshore placement on
alternate years to feed beaches south of"the nodal point.

LonK Branch. New Jersey

Between April and August, 1948,602 K cu yd (460 K cu m) of dredged material was placect
along the 38-ft (11.6-m) contour off LongBranch, New Jeisey. Four surveys over 18 months led
Hall and Herron (1950) to conclude, "There was no evidence of movement from the offshore pile."
Their plate XIV indicates more than 1 ft (0.3 m) of erosion over all of a 1,OOO-ft (305-m) wide zone
between, the berm and shore. However, this last survey in their original monitoring p~an also shows
accretion among groins south and inshore of the disposal deposit. The CE resurveyed the entire area
in 1952, apparently hoping a clear picture of the'disposal bar's effect might have developed after a
series of storms. Harris (1954) concluded, " Restudy ... four years after completion of the dump,
substantiates the original report. There is no evidence that material moved ashore from the stockpile
or that the shore was benefitted by the operation." Harris's Figure 8 reveals pervasive, almost
uniform, erosion along the whole shore including the formerly accreting area among the groins; and

· there was no lessening of erosion landward of the berm.

In spite of th~e starkly negative results, the idea 'persisted that under the right circumstances
properly designed offshore deposi~ could benefit adjacent beaches. Reported successes at Durban,
South Africa' (Zwamborn, Fromme, and Fitzpatrick 1970), Copacabana Beach; Brazil (Vera-Cruz
1972), and Limfjord Barriers, Denmark (Mikkelsin 1977) rekindled U.S. interests. Shoreline
accretion or at least a reduction in recession rates was reported to have follow~ each of these
nearshore 'placements.

About this time, split-hull dredges were coming into service in the United States. Their
improved positionfug capabilities and their relatively shallow draft,coupled with the reported

· successes overseas, led to another series of CE field tests.

. ,RENEWED INTERESI'

At New River, North Carolina, placement in depths as shallow as 6 ft (1.8 m) proved that
modest volumes could be economically returned to the littoral zone near selected shallow-draft
liarbors (Schwartz and Musialowski ·1980). ' .
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Off the Virginia coast, precise positioning of more than 300 releases proved the economical
and operational feasibility of building high-relief mounds in deeper water (34 ft or 10.4 m) as stable
stockpiles offering a variety of non-feeder benefits (Hands and DeLoach 1984). The behavior of the
Virginia mound was especially encouraging in this regard because it demonstrated that mounding
could be done· by simple surface release of material that was too fine-grained for direct beach
placement, and that this poor quality material' could be retained in a relatively stable configuration
in spite of high waves, winds, and tidal currents.

In several northern European countries, hopper dredges with pump-out capabilities have been
adapted to spray dredged material through a bow nozzle (Bruun 1985 19901991). A steep beach and
calm waves are required to float dredges to within about 100 ft (30 m) of the beach, which permits
immediate shore nourishment exactly where'it is most urgent.. This method not only focuses the fill

. in critical areaS, but obviates the need for any offshore pump-out facility or secondary handling
equipment customarily used for direct placement. The other method, release from a hopper into the
water column, is much quicker, but does not provide.immediate or focused widening of the subaerial
beach. The relative advantage of each method depends on site conditions, project volumes, and
objectives (various blends of· flood, erosion, or recreational benefits): This is one of many
optimization problems that long-term, three-dimensional response models could address. They could
'be run repeatediy to evaluate different placement sites (nearshore and direct), volumes, and
renourishment intervals. The optimum plan would be obvious if algorithms were also available to
express the costs and benefits as functions that could be evaluated over time and space coordinates.

Ongoing studies on the Gold Coast, Australia (Smith and Jackson 1990), and at the Mobile
Outer Mound off Dauphin Island, Alabama (McLellan, Pope, and Burke 1990), indicate' relatively
stable mounds in the 20- to 30-ft-depth range (6.1- to 9.1- m) can refocus or dissipate significant
wave energy..

In recent field tests, natural .currents have mobilized material from successively deeper
disposal sites (fable 2). These tests' demonstrated beneficial uses for formerly discarded beach
quality material and helped establish a precedent for future management. However, the sand quickly
dispersed and usually moved' alongshore out of surveyed areas, so no understanding emerged on how
the berm size,' shape, and rate of movement changed with time. 'Impacts at the shore were unclear.
Except for wave measurements at Silver Strand, and wave, wirid, and bottom currents at Sand Island,
the processes responsible for sediment movement were not measured. Both types of data are needed
to verify models simulating the long-term movement of such features (Scheffner 1991).

Table 2
Dredged Material Returned to the Littoral Zone from Progressively Deeper Placements

Depth of Bar Base

New River, NC
Long Island, NY
Silver Strand, CA
Sand Island, AL

Monitoring
period
7607-7610
8700-8800
8812-9002 .
8703-continuing

.ft
7

15
19
19

In
2.1
4'.6
5.8
5.8
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ONGOING MONITORING OFF THE ALABAMA COAST

Berm Construction and Objectives

Measurements of winds, waves, currents, sediment concentration, and bed response are being
made at test berms off Dauphin Island, Alabama (Figure 1). The data are being used to evaluate
sediment dispersion during placement (Kraus 1991) as well as long-term physical and biological
processes.

The Mobile Outer Mound (MOM) is the largest, farthest offshore, and most recently placed
of the Alabama berms. The MOM contains 18 million cu yd (14 M cu m ) of sand and mud dredged
in Phase I of the Mobile Harbor Deepening Program (McLellan and Imsand 1989). This largest of
experimental berms was built in the eastern end of the Mobile North Disposal Area where predisposal
depths were around 45-ft (13.7-m) mean lower low water (mllw). Monitoring objectives were to
assure compliance with local requirements, provide general information on the behavior of fine-grain
material, and document the effect such a large mound can have on incident waves and fisheries
resources. The MOM is about 6 miles (10 kIn) south of Dauphin Island, Alabama.

Inshore, a shallower bar was built early in 1987 using about 464 K cu yd (350 K cu m) of
entrance channel maintenance material (Bradley and Hands 1989). The objective of the Sand Island
Bar (SIB) was to save clean, beach-quality sand from conventional deep-water disposal and document
what effect Gulf waves might have on a berm placed weB below the depth of previously observed ,.
open-water dispersive deposits. The Cornfield Shoals site is dispersive and deeper but is in the
narrow, open end of Long Island Sound where strong tidal currents and river discharge increase the
erosion potential (Scientific Applications International Corporation 1988).

The Sand Island Mound (SIM) is a preexisting, man-made mound included in the SIB survey
area with SIB. Both SIM and SIB are in similar depths (about 19-ft or 5.8-m), rise to the same
elevation, and are composed of clean fine-grained sand with a median diameter near 0.2 nun. These
inner berms are about 5 miles (8 Ian) south of the east end of Dauphin Island, Alabama.

Response or the Sand Island Berms

The long SIB extends from 500 to 7,000 ft (152 to 2,134 m) northwest of SIM and was
surveyed 16 times over a 3D-month period starting 3 months after the initial SIM survey. Subsequent
surveys show that the crests of both berms were lowered from about 11.5 ft (3.5 m) in January 1987

.to 13.5 ft (4.1 m).in March 1990. Most of the peaks and the greatest erosion on the 6,000-ft (1,828
m) long SIB occurred at the southern (gulfward protruding) end. The dispersed volume was
relatively small, and it was unclear where it settled. There was no evidence of offshore loss from
either berm (Hands and Bradley 1990). At the northwest end, beyond a bend in the SIB (Figure 1),
a section shifted northward (landward). This section is now approaching an abrupt steepening where
the seafloor rises rapidly from a depth of 18 ft to less than 9 ft (6 m to less than 3 m) on the outer.
marginal ridge of the Mobile ebb-tidal delta. This section of SIB is being watched closely as an
analog of what would happen when a berm moves into.the surf zone and perhaps welds to a beach.

The long SIB was built along curving natural bottom contours. The bar has not responded
along its entire length as a single unit. SIM is smaller and symmetrical, and it has moved as a single
unit in a simple. remarkably persistent fashion that is well described by the present data set.
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Figure 1. Three Alabama berms 4 to 6 miles (6 to 9 km) south of the entrance to Mobile Bay.
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Monitoring continues on, both berms, but the remainder of this report concentrates on the presently
clearer response of the SIM. '

After 33 months, SIM relief decreased from about 7 to 5 ft (2.1 to 1.5 m) .. The rounded .
crown now peaks near 13.5 ft (4.1 m) mllw. At the 16-ft (4.9-m) contour, the mound has a diameter
of about 800 ft (245 m). A clear picture of shoreward migration outside the normal surf zone has
emerged from 17 surveys over a 33-month period. 'The mound has moved slowly, but progressively
north-northwest, away from th'e direction of wave approach, as depicted in Figure2.

Placement of sm helped create ahole or depression on the north side of SIM (Figure 3).
oVer a 2-year period, SIM moved 200 ft (61 01) into this hole, filling the deepest part. The hole did
not expand northward. On the contrary, it shrunk to only 40 percent of its 1987 volume. Yet there
are indications that processes moving the mound may also maintain the hole at some reduced size.

. As a lower bound on the amount of sand movirig nearby, the net change in sand volume was
calculated above 17 ft (5.2 m) mllw and within the window depicted in Figure 3. Between March
1987 and February 1990 the net change was 38 K cu yd (29 K cu m), which represents only a small
part of the load that must have moved through this area. Yet this minimal volume was more than
14 times that needed to fill the hole. It is not surprising that some of the hole filled. The puzzling
question is why 40 percent remained open while so much sand was being redistributed around it.

.Additional surveys are needed to determine if the hole will migrate with the mound or completely fill
and whether leeward depressions are generally associated with migrating mounds or just an anomaly
due here to restriction of flow between the siB and the Mobile ebb delta. Resolving these questions
will help clarify what role the mound itself plays on sediment migration.

Si~ificance of SIM Response

Abrupt changes in depth over a mound cause waves to quickly shoal and then return to deeper
water where entrained sediment may settle to the seafloor. The mound thus creates its own local
environment for sediment transport that is different from that which would exist on a plane bed
extending inshore from the depth o~ berm base to the natural longshore bar.

All previously reported berms were stable or disappeared quickly from their surveyed areas,
so they were easily described as dispersive or nondispersive. All nondispersive mounds stayed put.
Dispersive ones disappeared. In contrast, sustained migration continues at SIM, and dispersion (loss
of material from the berm form), is slow, allowing repeated measurements of changes in mound
shape, position, volume, and grain size as wave forces vary: Most of the volume change has been
associated with removal of sand from the southern face and compensating deposition on the opposite
face and filling 'of the. leeward depression. The SIM's greater depth, moderate size, and
equidimensional footprint may be factors contributing to preservation of this mobile berm as it moves

, over itself in a tank-track fashion.

In cross section, many berms are asymmetrical with steeper lee slopes. On stationary
mounds, this asymmetry reflects postplacement flattening or spreading of sediment down-slope into
approaching waves. On migrating berms, like SIM, asymmetry reflect& transport in the opposite
direction 'as waves carry sand over the crest to settle on the leeward flank. Therefore, berms often
have landward skewed crowns, but for different reasons depending on whether the berm is migrating
or just undergoing a shape adjustment in place. Asymmetry alone is not a good indication'of berm
mobility. ' '
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Figure 2. Progressive northward movement of the SIM over
a 31 month period depicted by 14-ft (4.3 m) survey contours
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Surveys to date establish that sustained shoreward migration is occurring below the depth of
any previous feeder berm. The Atlantic City berm was in the same depth and was closely monitored
for over ten years with no sign of landward movement. The liinits of dispersion are now being
pushed even deeper by CE surveys at South Padre Island, Texas, and Eureka, California. -An
empirical database can now be compiled over a considerable range of material types, wave climates,
water depths, and volumes (Figure 4). From this limited but rich data, empirical,parameters can be
sought to explain conditions controlling mobility or long-term stability_ of _open-ocean, wave
dominated berms.

EMPIRICAL BERM STABILITY FACTORS

Berm Response Classes

The ten cited berms are easily Classified as stable or active (stationary or mobile) based on
their surveyed responses. Stable berms remained at their placement sites retaining most of their
original volume for several years. Claims for stability at the four cited locations are based on
repetitive surveys over various lengths of time as- indicated in Table 3. It is not dear exactly how
mariy surveys were taken at each of the older stable sites, but- more were taken than recovered and
identified in Table 3 of this paper. The number of surveys in Table 3 are thus 'minimum values.
Only two surveys (1936 and 193~) were found for the_Atlantic City berms~ On a la~er, 1947 survey,
the 6-ft contour interval does not indicate any berms. However, with such a large contour interval
and no tabulated depths, it is impossible to say if berms, which had only one-contour closiIlg on them
initially and were of unreported relief;- were still present on that survey four years after placement.
It is difficult to locate data more than half a: century old. The minimum number of surVeys located
for the other stable sites still show that early monitoring was not cursory or short-term even by
today's standards. Predicting the time required for given volumes to disperse is far beyond the
present objective, which is to explain why some berms moved and- others did not:

According to U.S. Congress House Document 552. the city and county of Santa Barbara
agreed to a monitoring plan recommended by the Heach Erosion Hoard (BEBf prior to berm
placement. "Surveys and photographs of the entire beach from Santa Barbara Harbor to Sandyland
were to be repeated every 3 months. The- study was'Continued until June 1941." Presumably all
these data were considered when the BEB reported in May 1947 that the "present ridge elevation of
17 to 18 feet below mean lower low water is at no point more _than a foot below its 1937 elevation.
However, the shallow trough between the mound and the shoreward slope of the natural bottom has
been filled to a depth of 2 to 3 feet in most places." Hands (1978) compared the pre- and post
placement surveys with one done in March 1959. nearly 25 years later. By then•. 5 ft (1.5 m) of
accretion had uniformly elevated the entrre profile from the artificially advanced shoreline, to the
offshore placement site. Two of the 1959 profiles went over the old berm site. The'bottom elevation

.came within about a foot of the initial crest elevation of the bar. which had been 5-ft (1.5 m) above
bar base. The stationary bar could have still been in place, buried beneath the accumulated wedge
of sediment, suggesting a perched beach may have formed as a result of coupling long-term periodic
shore nourishment with stable llerm construction offshore. -

Authors who had access to the full data on berm movement at Santa Barbara, Long Branch,
or Atlantic City each used similarly clear, strong language in concluding there were no positive

2 The BEB was the direct predecessor of the Coastal Engineering Research Center.
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shoreline effects or any evidence of shoreward movement at these sites. The admittedly incomplete
documentation assembled here to support their statements are still enough to indicate that a clear
distinction should be drawn between relative stability of the three early berms and the mobility of all
but one of the others. Minor flattening of the crest in the first 32 months after placement of the Dam
Neck mound (DeLoach 1985; Hands, DeLoach, and Vann 1988) leaves this berm in the stable
category.

Active berms showed significant movement· within several months. Most dispersed rapidly.
Two Sand Island berms migrated more or less intact for 3 years. The briefest berm monitoring
period was at New River, North Carolina. Surveys there spanned only four months. Long-term
monitoring is not necessary to establish the mobility of rapidly moving berms. Thirteen high-quality
sled surveys were obtained during the 4-month Phase I New River test. In just the first 28 days,
sixty percent of the dredged material moved alongshore out of the placement site with a small onshore
component (Schwartz and Musialowski 1980). .

Even though definitions of stability differed among:studies, a consistent interpretation is
possible. Four of the berms showed little detectable movement over periods greater than one year.
Six berms showed substantial movement within the first year.

Explanatory Variables

Explanations of these two distinctly different types of berm response (stationary/mobile or
stable/active) should be based on consistent measures of depth and size of the berm~ intensity and
duration of the erosive forces, and differences in material erodability. Ideally, operational definitions
for the explanatory variables should be: .

1. directly relevant to sediment movement,

2. consistent with preexisting concepts,

3. unambiguous, and

4. quantitatively expressible for all instances
under comparison.

Compromise is necessary for balance. However, the following defuiitions seem well suited for an
empirically based explanation of why some berms were relatively stationary while others moved
quickly. .

1. Comparative Geometry
In the. present context, "berm" is a general term for a proQlinent, submerged, man-made,

positive-relief feature on the seafloor. If the berm footprint is fairly equidimensional, the berm can
be referred to as a "mound." The terms "bar" and "ridge" denote elongation of the berm in plane
view. Thus the length of a bar (II) can be measured along the medial line between distant ends of
the lowest enclosing isoline (Figure SA). The width (lJ can·be measured perpendicular to II where
the berm is highest. If these isolines represent depth differences between two surveys, this definition
of width will be exactly equivalent to the conventional measure shown in Figure SB. Measurements·
across simple depth contours would be smaller, but averages of such measurements had to be used
to estimate ~ 's on some of the early studies.

255



a. Map view

mllw

de
/-

/'
/

/
/

"------
b. Cross section

Figure 5. Definition of berm dimensions

256



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
L.

More critical for present modeling purposes is the definition of berm depth. -Many previous
disposal-mound reports never specified exactly what they meant by berm depth-. Often a range was
given. Sometimes the range seemed to correspond with the inner and outer toe positions; sometimes
it seemed to represent variations in depth beneath the center of the berm at different cross sections.
Reported ranges in depth could also have referred to differences between berm crest and berm base
or initial versus adjusted depths. Moreover, different values have been given withqut explanations
by other authors reviewing the original reports. Therefore" initial depth of berm base (dB in Figure

, 5) was chosen here as a single, unambiguous representation for comparison of one berm with another.
Each dB 'was evaluated using the most original sources available.

Where crest depth (de) is considerably less than dB' the upper part of the berm will be
,exposed to greater wave agitation than the base. Thus, dB would be a more stable measure of berm
depth than de. Erosion of a berm crest also spreads material to the flariks where depths are close to
dB' These are the first two reasons for preferring dB as the characteristic berm depth for developing

, simple mobility parameters. . '.

Mean lower low water was selected as the upper reference for measuring dB because it is the
datum for all new navigation charts in the United States (Hicks 1988) and because it makes desigri'
depths for placement conse,rvative for critical retention applications. Berm base (the line connecting
the berm edges in cross section)' was chosen as the lower reference for dB rather than the
preplacement seafloor. One reason for this choice is to avoid containinating an average depth (based
oil a few cross sections) with a value from.an unusual preplacement section. This distinction was
important for BrazOs and Silver Strand dB'S: Another reason for choosing berm base is to: permit
inclusion of sites where preplacement bathymetry is presently lacking. This was important for several
of the older studies.' Lastly, this defiriition of dB is identical to that used for the characteristic depth
of longshore bars in ,field and laboratory studies by Keulegan (1945 1948) and Hands (1976). '

2. Compaiitive Wave Effects
Measurements of actual waves are available from some berm sites; but not all. Furthermore,

variations in measurement techniques wouJd complicate comparison where measurements are
available. Fortunately the CE numerically hindcast database, the Wave Informatioi::t~tudy (WIS), is
now complete for the full U.S. coast. Its long (20- to 32-year) record, wide availability, relatively',
uniform data treatment, and density of WIS stations more than cOmpensate for the fact that WIS
estimates are inferred and do not coincide in time with the measured berm responses. The WIS

. provides comparable measures of wave climate for nine of the ten berm sites considered here. -

The shallowest available WIS site near Santa Barbara was too deep (1 ,406ft or 425 m) to
transform well to a 9-m berm depth. Fortunately wave data are available from two Sxy gages in 9-m
depths adjacent to this site; so gage measurements were used for this one test site. Depths of other
wave stations and berms are given in Table 3. The tenth column (Site 10) designates the coastal
reach (and the report ,reference) for the wave data: 1 is for Gulf of Mexico WIS (Hubertz and Brooks
1989), i for Atlantic WIS (Jensen 1983), 3 for northern Pacific WIS (Jensen, Hubertz, and Payne
1989), 4 for the single gage data set for Santa Barbara (Seymour et aI. 1980, 1981, i982), and 5 for
the southern Pacific (Jensen et al., in preparation).
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3. Comparative Erodabil ity
The ease with which noncohesive sediments can be eroded varies with grain size, sorting,

shape, and density, as well as with aggregate properties like porosity, fabric, bed roughness, slope
of the deposit, armoring, and effects of biota. The grain size distribution is generally thought to be
the primary factor, especially for the hydraulically dredged s~ds and silts .. Typical grain sizes were
obtained (usually medians from hopper samples) for each of the ten test sites. Grain size is the.only
measure of material erodability considered in this initial exploration for a berm mObility criteria.

Response Predictors

1. Hallermeier's Profile Zonation Limits CHIL and HaL) versus Berm Depth (dal
Hallermeier's coastal profile zonation limits are given in the Shore Protection Manual (SPM.1984)
as guidance on depths of sediment transport and annual profile variation. Hallermeier (1981) defines
two depth limits and recommends that"material for nourishment of nearshore profiles must generally
be placed landward of the inner depth to ensure its inclusion in the annually' very active littoral zone. "
The outer depth is the outer boundary of sand motion initiation by annual median wave conditions
and corresponds to the "seaward limit to the usual wave-constructed shoreface" (Hallermeier 1981).

The inner and outer limits are evaluated here for each berm site using the explanatory .
. variables from the previous section. The specific gravity of the sediment was taken as that for quartz
in sea water: The nommal sediment size was based on the Dso (median grain size) from hopper
samples from most berms. Extreme and median (Hm099 .86 and Hmoso) wave heights and the peak
periods (T...J associated with these heights were selected from joint distribution tables in references
indicated in column· 10 of Table 3. Because Hmo99.86 for Humboldt fell in an open-ended upper class,
the raw time series was used to evaluate heights and periods for this one site. The range and
distribution of all the variables are shown in Figure 4. Depths, waves, and grain size at stable sites
overlap the range of these variables at active sites, which makes this a rich data set for development
of empirical relationships in spite of its small size.

The inner and outer .limits (designated HIL and HaL) are compared with berm depths in
Table 3. All four berms that were constructed well above HIL (as indicated by values well above
zero in column 7) were active, as the limits would have led one to expect. The Atlantic City. "erms
fell essentially on HIL (the calculated difference was only 0.06 m) and will be discussed later. All
berms that were built below HaL were stable as would have been expected had the limits been
available (they are negative or small values as seen in column 5). The Dam Neck mound fell in the
stable class not only when the depth was set to berm base, but even when a lesser depth was used
that represented the elevation to which the crest was eroded after a 2-ft flattening during the first
winter (line DNc in Table 3). The crest of this highest relief mound appears to have been eroded to
an elevati<m of longer term stability about 2 ft (0.5 m) below HaL. .

Original depths were reported only to the nearest foot (0.3 m), so the calculated differences
between berm and limit depths are insufficient « 0.2 m) to place. either Atlantic City or Brazos
berms outside their appropriate classes, stable and active respectively. The only berm whose
response would not have been clearly and correctly predicted by Hallermeier's limits is Humboldt,
2.2 m below HIL, yet active. Humboldt fell in the upper part of its buffer zone between HIL and
HaL where "surface waves have neither strong nor negligible effects on the sand bottom during a
typical year" (Hallermeier 1981). According to this characterization, the wavelbe<I interaction must
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grade from substantial at the shallow end of the buffer zone to negligible.at the deep end.' However,
by the zonation concept, the whole buffer is defined as a zone of uncertain bed response. The twin
Humboldt berms are still under study, .but they clearly underwent major' flattening and moved
landward the first winter. . Though ,the movement would not have been clearly predicted by
calculation of HIL, such activit)' could (and in fact was) expected because the berm depth was well
above HOL (204 ft or 62 m) ..

Beach erosion studies have found good agreement between the inner edge of the buffer (the
HIL) .and the maximum depth of resolvable annual profile change (personal communications,
Birkemeier 1991 for field data from Duck, North Carolina, and 'Hansen 1991 for field data from
Ocean City, Maryland). These results support Hallermeier's choice of Hmo99.86 as the representative
wave parameter that will provide an outer limit for normal annual profile change. This choice was
originally made to extend laboratory results to ,field applications based on shore profiles from ten
sites. These results, augmented by the excellent agreement with ten berm sites presented here, ,
indicate that conservative practice would avoid placement of material in the buffer zone if the degree
of its dispersion or retention were critical. Berms should be built inside the buffer zone (above HIL)
to assure annual material movement and outside (below HOL) to assure long-term material retention
on the order of. decades. ",'

Table 3

Measured and Calculated Berm Parameters

..
SITE PLOT DEPTHS,m DIFO STABLE DIPI SURVEYS ID

" Sym Wave, Berm m ACTIVE m No I Year

Santa Barbara, CA SB 9.1' 6.7 -1.1 S ' -3:6 3 I 24 * 4

Atlantic City, NJ AC 10.0 5.8 0.2 S 0.1 2 I 3.0 2

Long Branch, NJ LB 10.0 11.6 -5.2 S -6;1 5 I 4.5 2

Dam Neek, NC DNe 10,0· 7.6 -0.5 S -0.8 6 I 2.7 2

Dam Neck, NC DNB 10.0 10.4 -3.3 S' -3,6 6 I 2.7 2

New River, NC NR 10.0 2.1 0.9 A 3.7 13 I 0.3 2

Long Island, NY LI 10.0 4.6 3.7 'A 1.2 6 /' 1.0 2

Sand Island, AL SI 25.6 5.8 13.2 A 1.0 22 I 4.0 '1

, Silver Strand, CA AG2 21.9' 5.8 18,7 A 2.2 6 I 1.3 3

BraZos, TX BB 25.6 8.1 . 25.5 A -0,2 7 I 2',0 1

Humboldt, Ct\ HBNS 10.0 15.8 62.1 A -2.2 3 I 1.0 3

Berm depths are equal to de at DNe and dB at all other sites. See text.
DIFO: Hallermeier inner limit (HIL) minus,berm depth.
S&A: . 'Stable or Aaive classification based on surveyed field responses.
DIFI: Hallermeier outer limit (HOL) minus berm depth,

Negative DIFO or DIFI indicates berm is below the zonation limit.
ill: Indicates coast and source of wave data. See text.

* Two SB surveys were within the first 2 years and the third was 24 years
after placement.
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The vertical extent of the buffer zone varies from site to site depending on the long-term
distribution of waves and the grain size of interest. At some sites, the buffer is extremely wide; at
others it is nonexistent (e.g. New River). The local extent of the buffer zone is indicative of the
likely success of certain engineering objectives (Hallermeier 1981, Hands and Allison 1991).
Nearshore nourishment will be more effective at sites with large buffers. Material carried offshore
during erosive periods would likely remain in the buffer at these sites and be available for later
shoreward transport during accretionary periods. Such dynamic balances would be precarious where
the buffer was small. Comparison of both limits should be given more attention. For example, the
normal advantage of coarse-grained fill may not be realized where HOL is not well beyond HIL.. .

On the other hand, whereHOL is well below HIL costly haul distances may be necessary to take
material to retentive depths below HOL. On the west coast of the United States, the differences
between HOL and HIL tends to -be large (e.g. the difference at Humboldt is > 200 ft > 60 m), but
the added haul distances there may not be excessive because of the steepness of offshore slopes.

2. Sensitivity of Results to Wave Estimates
The Shore Protection Manual (SPM 1984) and Hallermeier (1978, -1981, 1983) assume that

Hmo follows the same -long-term distribution at all sites. This distribution (Thompson and Harris
1972) is then used to estimate the required wave parameters from mean and standard deviations that
have been tabulated for ~ifferent sites in these and the WIS references. The more accurate approach
for evaluating HOL and HIL would be to calculate the required statistics ,directly from the different
empirical distributions as in Hands (1991). The advantage of not assuming a distributional shape
should be clear, especially where there is an abundance of data and the required statistic, Hmo99.86'

is in the tail of the. distribution.

The importance of using the associated wave periods may not be so clear. The SPM uses the
annual average period not only in its examples, but explicitly in the formula for the seaward limit to
sand agitation. Hallermeier (1981) states that the mean period is "convenient and fairly appropriate
as an estimate" of the conceptually correct periods for-evaluating both HIL and HOL. In the first
application of these limits to dredged material deposits (Hands 1991), the mean Tp was inadvertently
used to calculate HOL. However, the present paper chooses the most common period of all waves
near the critical height. This change is the major reason for the even greater success of Hallermeier's

- limits in the present paper. Greater care is also taken here to use consistent measures of depth and
to correct for the open-ended problem with the height distribution at Humboldt. However, these
adjustments were minor compared with the elimination of five caseS of uncertainty where berms were
reported to be in the buffer'zone when the mean Tp was used' instead of T... Thus, speculation in
Hands.(1991) that the buffer zone could be split into two regions for predictive purposes now seems
superfluous. If the proper associated periods are used, consistent with the concept if not the practice
of Hclliermeier, only one out of ten, rather than six out of ten-test berms falls in the uncertain region.

Thus, the availabl~ berm data confirm the validity ,and power of Hallermeier's limits as
excellent site selection guidelines thatfit all the present test cases even better than previously thought.
It is important, however, to interpolate the wave heights from the empirical distribution and to take
the appropriate T.. rather than the mean Tp- A related, but new limit (discussed next) can be used to
estimate the stability of deposits in any depth, including the uncertain zone between HIL and HOL.

3. Empirical Limit Based on Maximum Near-Bed Oscillations
To further investigate differences in erosive factors at active versus stable berm sites, wave

heights were transformed from- their reported depths to their respective berm depths (dB)' Local
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waves were highest at the active Humboldt berm (HB, Figure 6) and lowest at the, stable Santa
Barbara site (SB). However, in between these extremes the wave height distributions lie scrambled
together for both stable and active berms. Wave height alone, while suggestive, is insufficient for
separating stable from active sites.

Next, distributions of maximum near-bed oscillation speeds were calculated using the depth
of berm base, all of the wave periods, the transformed wave heights and lengths, and linear wave
theory: As seen in Figure 7, this one step was sufficient to discriminate all five stable cases from
the six active ones.

,The active Long Island and New River berms had smaller wave heights than three of the five
stable berms (Figures 4 and 6), but were exposed to high-speed near-bed oscillations more frequently
than any stable site (Figure 7). The near-bed speeds are higher at Long Island and New River due
to their relatively shallow depths with respect to local wavelengths. The stable Atlantic City berm
lay in the same depth as the active SIM. Why is Atlantic City exposed to a lower speed distribution
so similar to its much deeper neighbor, Dam Neck? Atlantic City waves are higher and even longer
period than Dam Neck's, but the important long-period waves are smaller. This difference in
collinearity between height and length explains the truncation of higher near-bed speeds at the shallow
Atlantic City berm as compared with the nearby/deeper Dam Neck and the same-depth Sand Island
berm. The impressive migration of Gulf berms no longer conflicts with the total lack of response

, at New Jersey and Virginia sites (SI and BB versus AC, DNa, DNe, and LB, Figure 6).

Examples of wave agitation insufficient for berm mobilization include some sites that were
too deep and others that had too few "high waves, too few long waves, or 'the wrong combinations of
height and period. The peak speed of near-bed wave oscillations seems to 'express the appropriate
balance among these factors; and long-term distribution of this parameter displays the greater impact
that extreme energy events have on the long-term fate of bottom deposits, at least so long as speeds
are of sufficient duration to effect a change. In general terms, storms overshadow day-to-day .
conditions; but extremely rare storms have lessened effect because they do not occur or are of brief
duration during most observation periods. Figure 7 is niore specific. The near-bed speeds at the
upper 75- to 95-percentile values correlate well with multi-year berm behavior. The correlation is
not as good for the lower 50 percent or the upper 5 percent of the wave conditions. "

Looking in this region of higher near-bed speeds where the wave transformation' assumptions
are most realistic, the distributional separation clearest, and the waves presumably most influential
on the bed, Figure 7 suggests that if the 75-percentile speed (udmax7~ far exceeds '40 em/sec, or the
95 percentile (udmax9~ far exceeds 70 em/sec, then sand berms should not be expected to remain
stable, regardless of their depth or sand size. If peak speeds were considerably less, one should
expect a sand berm to remain stationary under all but unusual circumstances.

Berm response could be different for clay or gravel berms and at sites with unusual tidal,
wind, or oceanic current effects, but 'these factors had little importance for categorizing the present
varied test data. It may be argued that present test conditions are not sufficiently representative.
Alternatively, perhaps ambient currents at most open-water sites are sufficient to displace sands when
waves entrain them (and even to contribute to this, entrainment), but are not necessary for correct
predictions of relative stability among the sites. If sufficient.currents were pervasive or collinear with
high wave orbital ,velocities, they would not help predict which sites would be active or stable.
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Extra ,allowances must be made if the .disposal material has unusual properties or is exposed
to strong tidal currents (as is the Com Field Shoals site in Long Island Sound), direct hurricane
effects, and other events clearly, not represented in the present database. As the database expands,
the need for such precautions will lessen, but never disappear.

CONCLUSIONS

1. Nearshore disposal tests have been conducted for over half a century and provide response
information covering a wide' range 'of depths, wave and current environments, and material
characteristics. Some berms were stationary for long periods. Some dispersed rapfdly or migrated .
landward. '

2. With successive tests, the depth of rapid berm response has been pushed steadily deeper..
It is now well below depths where berms have been shown 19 be stable over longer periods of
monitoring.

3. At wave-dominated sites, the distributions of long-term, peak near-bed wave oscillations
calculated from linear wave theory correctly separated the clearly active berms from those that were
stable for long periods.

4. Wave patterns in the lee of berms can obviously be altered as a function, of berm shape
and freeboard. Differences noted in the response of berms off the Alabama coast suggest berm size
and shape may also be important in promotipg shoreward transport with minimal material loss from
the moving berm. Work is underway to clarify berm effects on wave-induced transport.

5. The steepness of berm slope may be, an important design element for promoting this
transport in the direction of wave advance.

6. Used alone, neither slope asymmetry, berm depth, nor wave height can correctly classify
berms as active or stable.

7. Empirical berm mobility parameters presented here and nUmerical models (Scheffner
1991) provide tools for selecting placement depths suitable for either material retention or dispersion.

8. Continued monitoring and modeling are necessary to clarify the role of the berm size and
shape as it affects the wavelbed interactions and landward sediment transport. Continued monitoring
is also needed.to establish the rate of migration versus sediment loss from the berm. If the balance
is such that a particular berm becomes depleted of material before it reaches the surf zone, the placed
material mayor may not continue landward, and its fate will be much more difficult to establish.

SUMMARY

Shoreward transport of dredged material placed offshore has been documented at
progressively deeper sites. Monitoring has not tracked significant volumes to the subaerial portion
of the beach, but has shown sustained berm movement toward shore. Offshore of Sand Island,
Alabama, Brownsville, Texas, and Eureka, California, medium to fine grain sand dredged from
navigation channels is moving shoreward and back into the littoral stream from practical disposal
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depths: 19, 27, and 52 ft (5.8, 8.2, and 15.8 m). Nearshore nourishment of the active profile need
not involve shallow, risky placement techniques, nor be restricted to unusual site conditions. Early
placements at shallow-water sites were disappointments because they were exposed to limited near-bed
wave oscillations.

The Hallermeier limits of profile ZOnation would have been excellent tools to select depths
of placement as a function of grain size and wave climate. Revised evaluation techniques, consistent
with Hallermeier's original intent,remove recently expressed concerns that this approach might be
overly conservative.

The _peak, near-bed wave oscillation criterion proposed here can be used independently or
.in cOnjunction with both Hallermeier limits to predict responses in or out of the buffer zone and to
assess site-specific feasibility of nearshore nourishment. If nearshore nourishrD.ent is feasible, these
same criteria can guide berm design. If the dredged material, equipment, or economics makes
nearshore nourishment unsuitable, _criteria discussed here can help optimize retention at a deeper site
while avoiding unnecessary haul distances. Retention may be advisable to protect surrounding
resources from poor quality material. Retention can also be useful for improving the economics of
rehandling good quality sand. from stable offshore stockpiles when equipment, volumes, or
requirements are appropriate for beach nourishment or other dredged material uses.

Monitoring and modeling will continue to expand the -database and techniques for predicting
the long-term physical fate of dredged materials as one aspect of good dredged material management.
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USE OF 2':'D HYDRODYNAMIC AND I-D SEDIMENT MODELS
TO DETER1\.fINE DREDGING REQUIREMENTS

.' ,

by David T. Will iams1. and Jeffrey B. Bradley2 .

ABSTRACT, .

A small run-of-the-river recreational dam on the Arkansas River has experienced significant
.sediment deposition since the early 1980's. An integrated modeling approach using a two
dimensional (2-D) hydrodynamiC model, FESWMS-2DH, and a.one-dimensional (I-D) sediment·
transport model, HEC-6, helped to evaluate dredging requirements for each alternative. The
alternatives included major dredging,' spot dredging, construction of smaller' self-maintaining
channel using river training structur~ or small. islands, and combinations of the aforementioned.

,INTRODUCTION

Zink Dam is a small recreational reservoir'on the Arkansas River in Tulsa, Oklahoma. The dam,
constructed in 1983, is an overflow structure of approximately tWenty foot height with three small
gates. It is approximately twenty. miles downstream of Keystone Dam; a U.S.' Army Corps of
Engineer (COE) structure. Sedime'nt sources were cutoff above Keystone after it's construction
in, 1963,but significant bed aJ:ld bank ~ediments still remain as sources. Since the construction
of Zink Dam, the pool has fLIled with sediment twice, the first time gradually over the time
period 1983 - 1986. The flood of 1986 flood; which e?,-ceeded the,loo year flood event,flushed
the reservoir. Since that time, again it has refilled. It is the objective of the Tulsa River ,Parks

.Authority to maintain sufficient depth in the pool to enhance boating and other recreational
activities while minimizing the drecIging costs.· This study is the culmination'of an ·alternatives
analysi~, to try to obtain that ~oal. .

HEC-6, Scour and Deposition ~n Rivers and Reseryoirs, is a· I-D sedim~~t, transport: model
originally developed by W.A. Thomas of the. COE. 'The code used in this study was the new
release by the HEC for which WEST Consultants wrote the' Users Manual. The water surface
and velocity field determined by FESWMS-2DH were integrated with HEC-6 to evaluate severclI
alternatives in order to determine a solution for the Zink Dam sedimentation problem.

HEC-6 MODEL DEVEWPMENT FOR CALIBRATION

HEC-6 essentially uses"the same hydraulic relationships as the well known HEC-2 water surface
profile model. Because it is a I-D model, it predicts only the average bed conditions of a'cross
section, not the localized scour or depositio'n. In reality, the ·a:~al.cross section may have scour
in one place and deposition in another but HEC-6 will only predict the net scour or ·deposition. .

HEC-6 model calibration began with the development of 'a model which reflected the streambed
in 1963. the caJibrationperiod was from '1963 to 1977, utilizing,the hydrology for that time. .. .

I Chief Executive Officer and '2 President, WEST Consultants, Inc., 2111 Palomar AirPort Road,
Suite 180, Carlsbad, CA 92009 . .
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,period. Hydraulic and sediment parameters were adjusted until the bed elevation change obtained
from the model reflected the observed bed elevation change from 1963 to 1977. Observed annual
sediment yields were also used in the calibration phase. In 1963, 1977 and 1988, the COE
surveyed 12 sedimentation ranges (degradation ranges) between Keystone ::lam and Zink Dam.
Average bed elevation changes for these time periods were computed. Since the HEC-6 model
simulation required a 1963 geometry, the bed elevation changes from the 1963 - 1977 time period
were subtracted from the bed elevations of the 1977 HEC-2 Flood Insurance Study geometry to
produce a best estimate oithe geometric condition for 1963. This was done for cross sections
from River Mile 523.8 (downstream limit of the degradation ranges) to River Mile 538.67.

The HEC-6 model calibration reqliired the river hydrology for the 1963 - 1977 time period.
Mean' daily discharges were obtained from WATSTORE hydrology files compiled by the
U.S.G.S. for the Tulsa Gage at the 11 th Street bridge (River Mile 523.7). A computer file
containing these mean daily discharges was input to a proprietary computer program was used
to convert the mean daily flows to an input format compatible with HEC-6. The HEC-2 model
results for the 1977 conditions provided by the COE were used for the hydraulic calibration of
HEC-6 model. For the time period 1963 to 1983, the natural rating (pre-impoundment) curve
at the ZinkDam site was obtained from th'e COE HEC-2 model. The impoundment of Zink Dam
occurred in 1983 and the rating curve from the COE 1986 HEC-2 model, which included the
Zink Dam geometry, was used to define the,downstrearn'boundary for 1983 to 1988.

, .

The bed sediment gradations for the 1963 conditions were not known. It was assumed that bed '
gradations taken in October 1989 Just upstream of Zink Dam were indiCative, of the 1963
conditionS for all the cross sections and were initially used in HEC-6. The D~ (diameter of
particleS finer than 50% by weight) of the final bed gradation used was 1 nun. Keystone Dam
has a very high sedimerittrap efficiency which led to the assumption that no sediment was exiting
it. FigUre 1 shows the bed elevation changes for the HEC-6 simulations for periods 1963 to 1977
which are compared to the measured changes from the degradation ranges.. The general pattern
'of the HEC-6 simulations follows the degradation range pattern with only a few exceptions.
These exceptions were not deemed excessive and would not affect ~e overall results.

HEC-6 MODEL VERIFICATION

Once a model has been calibrated, itmust be verified (confirmed). The verification phase must
use data nm used in the calibration phase and should not require any significant parameter
adjustment. For the confirmation test,' the HEC-6 model was run from 1977 to 1988 and the
resulting bed elevation change compared to ~~ observed bed elevation change for that period.

Figure 2 shows the HEC-6 bed elevation changes when the 'model is continued from 1977 to 1988
(verification periOd). The 'bed' 'elevation changes are for the period 1963 to 1988 and are
cOmpared to the changes obtained from the degradation ranges. As in the calibration phase, the '
HEC-6 general pattern and relative magnitude of bed elevation changes appear to be consistent
with the degradation range changes. No dependable bed gradations were available for all
locations throughout the area or for'the various calibration or verification time periods. As a
result,the HEC-6 predicted bed gradations could not be verified; however, the 1963 to 1988
simulation predicted coarser gradations (D~ ranging from 2 rom to 4 mm), as expected, than
originally input for the 1963 conditions.
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HEC-6 MODEL DEVELOPMENT FOR 1988 BASELINE COflt."DITIONS

This section deals with a detailed analysis of the baseline cOnditions for the reach from the ll lh

Street bridge to Zink Dam. , Much of the information obtained in the verified model is used in
the baseline conditions model. Detailed geometry of the Zink Reservoir area was not available
for the 1988 (current) conditions. From the contour maps and recent aerial photographs, detailed
geometry was developed and entered in an HEC-6 model. This model extends from Zink Dam
Gust downstream of RM 522.04) to the 11th street bridge at RM 523.69. The representative
future hydrology was assumed to be the same as the historic hydrologic period of 1963 to 1988
at the Tulsa gage was used to simulate the period from 1989 to 2014.

The roughness coefficients used in the calibration/verification phases were used for the base
condition. The 1963 to 1988 simulation indicated that the bed gradation coarsened such that the

, D50 of the bed increased from the 1963 input values of 1 mrn to between 2 mrn and 4 mrn. A
0 50 of 3.3 rom was adopted as representative of the reach as shown in Figure 4 for 1988
conditions. The shape of the gradation curve was the same as that of the initial gradation. At
the end of the 1963 to 1988 HEC-6 verification simulation, a series of short duration discharges
of increasing magnitude were entered in the hydrology. The resulting sediment transport and
sediment load gradation at RM 522.67 (upstream end of Zink Reservoir) for each discharge was
used as the inflowing sediment load and gradation to the base condition model.

Baseline condition simulations are based upon the premise that the existing operation of Zink
Dam will continue and constitute a "do nothing" condition. Bed elevation changes for the 1989
to 2014 simulations showed that the upper portion of the reservoir area is self maintaining and
is not significantly scouring or depositing. However, the lower portion, below RM 522.9, is still
depositing sediment in addition to the depOSition that had occurred prior to 1988. Since HEC-6
is a I-D sediment model, the actual deposition may be higher at one location than another along
the cross section; however, the net deposition should be c1oseto the HEC-6 results.

The 1989 to 2014 simulation showed that the sediment load entering RM 523.67 is 239 acre-feet
(486,000 cu. yd.) per year, slightly higher that the verification, simulation. Of this,
approximately 10.8 acre-feet (22,000 cu. yd.) per year is being trapped between RM 523.67 and
Zink Dam. Again, this is in addition what may have been trapped prior to 1988.

The apparent equilibrium between RM 523.67 and RM 522.9.is interesting because this area has
had depositional proplems. The 1988 conditions contain the two islands on the west side of the
river which help to keep the sediment at, the mo~e efficient east side of the river., 'Deposition at
a bend generally occurs at the curve's inside (west side), indicating that secondary and "vertical
roller" currents are the main driving force of the sediment deposited in these areas. The primary
currents, as shown by the HEC-6 results, are sufficient to keep most of the sediment moving
downstream. Because of this, a general constriction of the river in this area will not significantly
reduce the local deposition on, the west side of the river since this action affects only the primary
currents, not the' secondary' currents causing the deposition. A more promising alternative is a
spur dike that would deflect the secondary flows away from the 'amphitheater and the boat ramp.
Analysis of secondary currents cannot be performed by a 1-0' model such as HEC-6, therefore
2-D hydrodynamic model was used to analyze secondary currents for existing and any proposed
conditions.

274

I



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I·
I
I

TWO-DIMENSIONAL ANALYSIS USING FESWMS-2DH

FESWMS-2DH, Finite Element Surface-Water Modeling System: Two-Dimensional Flow in a
Horizontal Plane, was used to determine the flow velocities and water surface elevation for
existing conditions and the alternative 'spur dike configurations. FESWMS-2DH was developed
for the U.S. Federal Highway Administration by the Water Resources Division of the U.S.
Geological Survey. The modeling system is able to simulate complex flow conditions which are
essentially 2-D in the horizontal plane. Frictional losses were modeled using Manning's equation.
Turbulent effects were modeled using the Boussinesq eddy viscosity concept. Wind stress and
the Coriolis force were not considered for this simulation. The resulting system of differential
equations are solved by aGalerkin finite element method as described by Froehlich (1989).

The FESWMS existing conditions model extended from Zink Darn, upstream to the 11 th Street
Bridge. The geometry for the 2-D model was developed from contour maps, aerial photographs,
site photographs and HEC-2 cross sectional data. The finite element network near the spur dikes
is shown in Figure 3. The network was designed to reflect the existing conditions under a range

. 'of flows while allowing the effects of alternative spur dike configuration to be simulated. Special
efforts were made to accurately reflect the hydraulic effects of existing bank lines, channel
elevations, islands, bridges, the amphitheater, overbanlcs and other significant features.

Figure 3. Finite Element Ne~ork Near Spur Dikes

The Manning's roughness coefficients, 'n'" for the FESWMS model were essentially the same
as for the HEC-6 model but were allowed to vary slightly with depth. The'total flow rate was
specified as the upstream boundary condition and the water surface was speCified as the
downstream natural boundary condition. The downstream boundary elevations of the two
dimensional model were developed from the HEC-2 model and were essentially equal to the
elevations used by the HEC-6 model.

A wide range of flow rates, were simulated by the 2-D model, from 25,000 cfs (one-half the 2
year flow rate) to 305,000 cfs (the peak flow rate of the 1986 flood). 'This paper presents the
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results of an analysis of existing and alternative conditions at a flow rate of 50,000 cfs in
particular since this flow rate is representative of channel forming conditions. Figure 4 shows
the flow pattern under existing conditions at a flow rate of a 50,000 cfs. Figure 5 shows the flow
pattern at the same flow rate with the three spur dike alternative. The area shown in the velocity
field plot extends from the lId> Street Bridge downstream to the boat ramp.

Figure 4. Velocity Vectors for Base ConditionS, Q = 50,000 cfs '

!~_.::. ~~- ....- -'----

Figure 5. Velocity Vectors for 3 Spur Dike Altemati~e,.Q =50,000 cfs
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The magnitude and direction of the velocity at each node is represented. by the length arid
direction of the arrow or vector. Closely spaced vectors indicate closely spaced nodes and do
not necessarily indicate high velocities. At a flow rate of 50,000 under existing conditions, the
maximum velocity in the chanriel is approximately 8 fils. The velocity vector plot indicates that
low velocity flow cross between the islands, that slow recirculating flow occurs near the .
amphitheater and that slow flqw occurs near the boat ramp. The moderate water velocities along
the west bank upstream of the amphitheater bring the sediment to the entrance and the slower'
velocities at the entrance allows the sediment to d~posit. Fine sediment diffuses into basin is
distributed by the circulation pattern in the basin. The lower velocity at the entrance ;to the .
amphitheater extend a few hundred feet downstream, where deposition near the boat ramp occurs.

Before the HEC-6.model had been fully developed, it was thought that the cause of deposition
. near the amphitheater entrance was due to the lack of sediment transport capability of the main

channeL As a result, a three spur dikes alternative was formulated with the first and second spur
dikes connected to the existing islands and the third dike would be constructed near the
amphitheater basin. The philosophy of this configuration was to keep the flow and sediment
along the east side of the river where the flow has greater sediment transport capacity. The third
dike would serve this purpose and keep the secondary currents from the basin entrance.

The velocity vectors shown in Figure 5 indicate· that some recirculation would occur near the
proposed spur dikes. Slow recirculating flow would occur near the amphitheater basin. Fine
tuning the geometry of the spur dike would allow continuous flushing of this basin and reduce
the potential for deposition. The results indicated that at 50,000 cfs, the three spur dike option
would increase the water surface elevation locally by 1.0 'feet along the east bank and 1.4 feet

. along the west bank. The increase in the water surface due to the spur dikes decreases at higher
flows as the spur dikes are overtopped. The maximum velocity in the channel near the
downstream spur dike would increase to about 10 fils which would increase the sediment carrying
capacity of the channel through the constricted reach. .

The HEC-6 results have shown that the reach between the 111b and 2i lt Street bridges is capable'
of transporting the inflowing sediment although deposition still occurs along the inside ofthe
bend. All three spur dikes may not be essential since the proposed dike near amphitheater has
the greatest impact and may be sufficient to reduce deposition. The results of the 2-D analysis
of each dike/island alternatives were used to calibrate the hydraulics of the HEC-6 model for
sediment analysis of the proposed alternatives and the associated dredging requirements, if any.

HEC-6 ANALYSES OF ALTERNATIVES FOR THE LOWER REACH

The Tulsa River Parks Authority is ,interested in keeping enough water depth (approximately 2
feet) in the reservoir area for recreational purposes. With relatively small quantities of spot
dredging, the upper reservoir area, according to the HEC-6 results, should not have any trouble
maintaining such a main flow.area depth which is generally at the outside of the bend. However,
the lower part of the reservoir does have deposition problems and would 'not maintain a 2 foot
water depth for low flows. Two alternatives were formulated for the lower reservoir area;
dredging and maintenance of a 500 foot wide channel, and the same alternative with the
construction of islands or spur dikes.
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The HEC-6 model was adjusted to simulate an initially dredged 500 foot wide channel from Zink:
Dam to RM 523.73 on the outside bend. For the 1989 to 2014 simulation, the program was then·
instructed to dredge the channel with a 1 foot overdepth whenever the water depth became less
than 2 feet. The initial dredging required to reach an acceptable level is estimated to be 74,300
cubic yards with an average annual dredging requirement of 21,300 cubic yards.

Another alternative involved the same conditions as described above in addition to a 300 foot
encroachment from the- east bank by either spur dikes or islands. The encroachment would
extend from Zink: Dam to RM 522.73 with its elevation set 1 foot higher than the water surface
elevationS for a 50,000 cfs discharge. The encroachment would be inundated about every 1 to
2 years. Again, this option assumes an initial dredging volume of 74,300 cubic yards. The
results showed that the average annual dredging requirement would then be reduced to 11,200 -.
cubic yards. The dredging requirements for this alternative are shown in Figure 6.
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Figure 6. Dredging Requirements With 300 Foot Encroachment .
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CONCLUSIONS

If no action is taken, sediment will continue to fill the pool between Zink Dam and the 21 11 Street
Bridge. The baseline HEC-6model indicates bed aggradation downstream of the 2111 Street
Bridge. Upstream of the 21 11 Bridge, the channel is in quasi-equilibrium, i.e., there is no net
deposition or erosion. HEC-6 only evaluates average cross-sectional bed change and cannot
resolve local deposition. Deposition due to secondary currents along the inside of the bend, can

,be observed near the amphitheater and the boat ramp. We foresee a similar magnitude problem
as has been experienced in the past several years above 2111 street in the'no action scenario.
Deposition will continue along the inside of the bend. Since primary currents on the east side
or outside of the bend are sufficient to keep most material moving, a general constriction in this
reach will not significantly reduce deposition. A more promising alternative is a spur dike that
will defect the secondary flows away from the amphitheater and boat ramp. The existing two
islands could remain as they are today. Average annual sand bed material delivery to Zink Dam
is estimated at 396,000 cubic yards. The dredging required to keep the channel clean is less than
this value, with no other action, because large storms (1986) will flush the reservoir. The
expected annual dredging requirement would exceed 200,000 cubic yards.

Significant deposition has occurred downstream of the 210\ Street Bridge. HEC-6 analysis
indicates this area will continue to aggrade until the reservoir is filled throughout this reach with
the occasional infrequent flood such' as the 1986event flushing deposited material from the pool.

Spot dredging alone could only, at best, maintain the opening to the amphitheater and with ,the
River Parks present equipment (mudcat). ~pot dredging is viable if used in conjunction with the
spur dike option above 2111 Street. The spur dike should reduce deposition due to secondary
currents, combined with spot dredging at the boat ramp and amphitheater, could become a very
viable option for the upper reach.' The mudcat dredge may still be insufficient to handle spot
dredging.

The combined option is the one that will best minimize the dredging requirement yet attain the
recreational goals. The most optimal solution would include a spur dike with local dredging
above the 2111 Street Bridge. Downstream, the solution would include either the dredging
alternative or the combined dredging/spur dike option.

REFERENCES

Froehlich, D.C., "Finite Element Surface-Water Modeling System: Two-Dimensional Flow in
a Horizontal Plane," Vol. I. Users Manual, Federal Highway Administration, Publication No.
FHWA-RD-88-177, April 1989.

U.S. Army Corps of Engineers Water Resources Support Center, "HEC-6 Scour and Deposition
in Rivers and Reservoirs Users Manual," Hydrologic Engineering Center, Davis, California
1977.

279



280



I
I
'I
I
I
I
I
I
I
I
I
I
I
I
I.
I
I
I

CONSENSUS ElJIIDING m OOEIX:ED MATERIAL
DISIQSAL~,

.T.H. Wakeman, R.E. Wills arxi S.G. Fhernambucct

ABSTRAcr

'!he united States Anny COrps of En3'ineers has been tasked by the US,
COn;JreSS with' several missions incll.lCiirg nanag:in;J the navigable waters
of the nation. one element of this mission is the construction an:i
maintenance of navigable channels. Acc::atplishment of this work
requires dredging an:! disposal of the excavated sediments. Dredged
material disposal has becane a c:x:.mplex 'arxi controversial errleavor.
SUccessful disposal site designation an:! utilization requires consensus .
an:i cooperation between federal, state arxi local interests., '!he
Lorg-Tenn Management strategy (IITMS) is the ,mechanism being used in the
san Francisco' Bay rB:3'ion to build the necessary 'agreerents between the 
varied rB:3'ional interests. '!he COrps of En3'ineers is working with

-other organizations within the IITMS to adrieve local consensus am _,to
resolve the dredged material disposal issue aver a fifty-year planni.n:;J
horizon.

INIroIlJCI'ION

'!he United states Anny COrps of En3'ineers has the COrgressionally
authorized mission of maintaining arxi ircproving the navigable waters of
the nation. rnris activity relies on dredg:in;J to excavate sediments
fran rB:3'ional watezways an:i disposal sites to relocate the dredged
materials. Nationwide, disposal sites have becane increasingly
difficult to identify because of either l:illli.ted: existing capacity~ lack
of new locations or environmental concerns. OVer the last several
years, the san Francisco Bay region has been faced with disposal site
unoertaintybecause -of all three of these corrlitions.

Annually lIOre than $5.4 billion of econcmic activity is clirectly
depen:ient on the deep an:i shallow draft navigation dlannel.s of the san .
Francisco Bay region (Beeman, 1990).' '!he region has an armual disposal
requirement of approximately ~ million amic yards (mcy) to maintain
these dlannel.s. '!he region also has an ane-time new work-requ.i.rement

* Project Manager san Francisco District,~ ,Manager south
Pacific Division am District En3'ineer san Francisco Dirtrict, .
respectiVely; US AImy COrps of Ergineers, 211 Main street,. san
FranciSco, CA 94105-1905

281



of approxiJnately 19 rrcy for the oaKlan:i Hal:i::lor (7 rrcy), Richrrorrl Harbor
(1.5 rrcy), Jci1n F. Baldwin R1ase III Navigation C1annel (9 rrcy) am. two
Navy projects (1. 5 rrcy). Insufficient capacity exists with present
regional disposal options to ao:::u:uucdate these maintenance an:i new· work
projects. Further, both federal an:i state resource agencies are
calli.n:;J for closure of the IrOSt CUIUlon disposal option - in-Bay, open
water disposal. Finally, there is no existi.n:;J ocean site for this
material, an:i a new site is both cxmtrov'ersial an:i at least 3 years
away. What can be done to resolve this situation?

'!he Corps of Fn3'ineers I san Francisco District began field
investigations for a new cx:ean disposal site in 1982 followi.n:;J the loss
of the offshore, lOa-fathom site Wen it was enccmpassed. by the Gulf of
the Farallones I Marine Sanctuary. Aroun:i the same time, the prinary
in-Bay dredged material disposal site near Alcatraz ·Islarrl was fCllJI'rl to
be m:Jl.Il'rl.in:J an:i its capacity diminished. In 1984, interim manageJTent
practices. at the Corps' existi.n:;J aquatic sites were instituted to
control material aCCUIlUl1ation. D.lrin:.:J this period, the Corps initiated
a technical studies program, called the Disposal. Management Program or
I:J1P, to focus in-house effort in an efficient am effective manner'to
:resolve the local disposal issue by the en:i of the decade. 'nlep~
was to be furrled thra.1gh. existin:.:J District activities. Furthe.nrore,
the Corps began intensive agency am public CX)Qrdination activities
includin;J establ~ an advisozy canmi.ttee to infom the p.Jblic of
its actions. usin:.:J traditional proponent agency pl~ am
erqineerin:.:J management techniques, the program proceeded to assess
alternatives to the exi..sti.rg practices.

Many events transpired Oller the next five years that prevented the
establishment of a final dredged material d;srosal management plan for
the region by 1990, as originally scheduled.· In the early years of the
I:J1P, the main ooncem facin:.:J the program was· operational in character
(ie., how an1 where to place sediments). With the ac:x::unU1l.ation of
material at Alcatraz am the inq:llementation of interim management
treasUreS (eg., the sluiry requi.reInent) to·control· aCCUIlUl1ation, l'leW'

. issueS arose in the public's mind. 'Ihese issues were 'an1 continue to
be environmental in character. Correms were voiced that Alcatraz I s
chemical makeup had been degraded by contaminants associated with
backharbor sediments. '!he aex:lDDJJation of material at the site caused
cx::n::em because only water (X)IUIlDl effects had been examined for many
years. Because sane material' is dredged fran imustrialized ports an1'
harbors, its contaminant burden may be different than the sediments in
the open Bay ~ It was suggested that the deposited material was an1 is
act:inl as a soorce of contaminants to benthic species 1Jurl:'cMn;J thra.1gh.
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the substrate or fee;:li..n~(on organisms that' inhabit the site.
Furthenrore, others state::i that the IIX)\Jl'rj at Alcatraz had c:han:Jed the
habitat as well as buried the in:ligenaus species that had previously
c:x::cupied the location~ .

. ".-

Arlot:her issue that ,was raised, separate frtm the accumulation
problem; is the iJTpact of tumidity in the central Bay on fisheries.
'!hat issue' was an out.gl:'cMth of the sluny requi.rE!ment. ,Fishenren
alleged that si..n6e the sluny requirement was inplemente::i at Alcatraz,
central Bay fisheries have, deClined. It has been suggested that the
problem is cause:i by 00th physical am' chemicaliJIpacts at the site., ,..
Fhysical effects include si.nq:lle avoidance of ~ disposal plume as well
as gill abrasion or other 'sub-Iethal ,irritations ,cause:i by solids in
the water oolurrm. OlemiCal. effects proposed as causes of the fisheries
decline include release of amm:mi.a or hydrogen sulfide as well as ,
direct toxicity fran oontaminate::i sediments. 'Ihese environmental
coricernswere'discussed at, several public 'hearin:Js held·in early 1989
- San Francisco Bay Regional Water ().1a1ity~1 Board (February 15
am March 15, 1989), Bay consez:va.tion 'am DevelCJ{:l!leJ1't canmi.ssion (March
16, 1989), am state I.an:ls Q:mnission (April 12, 1989). '!he, '
discussions not only involved Alcatraz but also stip..tlate::l ooncerns for
all in-Bay disposal operations. '

'lhese' events generate::l new ~iromnental issues am public iIlterest '
in the disposal of dredged material' fran the estual:y. Because the ~
had to address these issues am respon:lto the heightened agen::y am
public concern in order to successfully cx:rrplete its task, a new
approadl. was sought. '!he south Pacific Division canrnan1er speaJ:headed '
a new Federal Interagen::y steerirg o::mni.ttee in March 1989. ' 'Ihe
p.lIpOSe of this cc:mni.ttee was to adlieve regional, federal agen::y .
oonsensus On the developnent am direction of the I:MP. -' '!he San
Francisco District reorganized i.nternally am fonned a n....'W team'to
direct the tedmical studies. A cx:rrprehensive tedmical studies
prc:gram was developed with the Envi..rarmiental Protection }qen::y(EPA) , to
identify a full array of disposal options, am address regional ,
envi..ronmental ooncerns. In May 1989, the south Pacific Division
proposed this cx:arprehensive prc:gram to Corps Headquarters. In
september, the Division was advised by Headquarters that the study
effort should be reduced am limite::l to the federal navigation baseline
study requirements am have a cost similar to studies elsewhere. In
addition, the guidance state?- that the Corps should ,not be required to
carty the full f:inarx:ial burden of the I:MP. Headquarters prOposed that
cost sharirg be p.JrSUed in accordance with the follc::JWin3' distriJ::lUti.on
of estimate::i costs: 50 percent Corps, 20 percent US Navy, 10 percent
EPA am the remai.nin;J 20 percent contriJ:JUted by non-federal navigation
interests. '!he Division was i..nstrocted to develop a :revised plan in
CXlOrdination with these cost sharirg partners.' '
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UIMS FORMATION'

In November, the Divis~on CCIIlman:ier presented the Headquarter IS

guidance to the members· of the Federal Interagency steerin;J camnittee.
several nanbers, particularly the Regional Administrator, EPA, ani
local camran:ier, us Navy, had serious concems that the proposed. limit
in the proposed. study furxii.n3' waIld place it at grave risk of produc:in3"
an \.D1acceptable product because of unaddressed regional tedmical
issues. '!he cammittee suggested that all state agencies, trajor Bay
Area ports, key deVelopnent interests ani environmental organizations
be appraised of plans to pursue a limited study ani the new·
requirements for both federal ·ani··non-federal cost sharirg. A meetirg
of all potentially interested parties was held in December. 'Ihey were

.briefed ani invited to· camnent on the proposed. Corps I action within the .
next' several weeks. on January 25, 1990, a secord meetirg was convened
to reCeive oanments fran the involved constitl.1en::ies regarding their "
:recanrneryjations ani capabilities to SURJOrt a regional program to
develop a dredged traterial dispOsal management strategy., 'Ihe
participants stated that if they,' the state ani other local navigation
interests, were goirg to be asked to contril:Jute fW'rls for the program,'
then they wanted the program to urr:lergo a local developnental prooess
ani to have input into the decisions involvirg utilization of study
fW'rls. F\lrthertrore, this type of participation waIld be critical to
gai.nirg the ultimate acceptability of the pro;JraIlllS results fran both
the other, federal as well as non-federal constituencies. '!he outcare
of that meeti..rq was that there was a need for a lan:j-tenn management
strategy that involved State, ports ani developnent interests,
environmental' groups ani fi.shennan associations. It was agreed that
the program shoulq be developed locally, ani additional resources
beyorxi the proposed. furxii.n3' oeilirg would be required if the studies
were to be credible ani adequately address regional concerns."·'

'Ihe proposed. approadl- necessitated a renewed need to 1::W.ld
consensus, to fully ideritify all technically feasible ani
environmentally acceptable dispOsal options ani, to develop a study
pro;JraIll leacli.n3 to a lan:j-tenn, iIIplementable management plan for their
utilization. '!he Disposal Management Program was reconfigured to
conforin to this approach. It was tailored ani renamed to fit the

, Corps I 1JJJ'g-Term Management strategy (IlIMS) approach (Francin;)ues ani
Mathis, 1989). 'Ihe scope of the program was exparded to erw::arpass all
present ani future activities" related to the placenent of dredged
material in the san Francisco Bay region for the next fifty years.
Aa:x>nli..n;Jly, the'progLamls management ani direction have been
reOrganized: consenSus is required between the involved Parties at the
exeo..rti.ve, management ani work.irq levels to define the studies, their
financ:irg ani aCCXl'lq)li.stmlent for the sucx:essful OCIlpletion of the
mJ1tiple-participant UIMS program. '
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MANAGEMENT STRUCIURE

At the meeti..n; on Januazy 25th," the Division cemnarxler,. a::; Sobke,
proposed a managerrent structure to involve the affected agencies and
organizations in the UIMS develcpnent. . nus managerrent structure was
:refined at anensu.i.n;;J meeti..n;, calle::i on February 27th, ~ was adopted
by the group at' a meeti..n; on.March 28th. '!he adopti.n3' participants
were designate::i as the Policy Review CClDmittee un::Ier the new structure
and eInbcxiy representatives fran thirty-two public and private
organizations. Its COIltri.hutions of coonlinate::i review, carpranise and .'
cx:>nsensus builc1in;J on policy issues for the UIMS are at the ·heart of
the managerrent structure. '!he managerrent structure also provides for.
an Executive Ccxnmi.ttee, a Management CCrnmittee, a. Work GrouP and
SUb-Work Groups, a Technical Advisory Panel, and public involvement
through the san Francisco F.stualy Project (SFEP). Figure. 1 presents a
schematic representation of this management structure. A.brief
d i saJSSion of the committee make-up and function follows. .

. Executive Ccxnmi.ttee. '!his committee is carprisSd of the regional
leaders of the c::09nizant tegulatory agencies: USACE South Pacific
Division CCJrmnarx:ier, EPA Regional Administrator; san FrancisCo Bay
Regional Water' cuality control Board (S~) Olai.l:perrm, Bay
COl1sel:Vation and Developnent. Cclnmission (0ClX:). Chairperson, and a ·state
COordinator. , '!his committee provides' policy gui~ and direction on
the overall con:iuct 'of the prcgriun and :resOlves policy isSues arise.
'!heir decisions, guidance and directions are based on the approved UIMS
study Plan· whim is bein;J cooperatively. developed by the named agencies
am. the l1lE!1'llberi; of the Policy Review Canmittee as represented on ~
worki.n3' cxmnittees.

Policy Review Ccmni.ttee. 'Ihi.s committee' meets periodically to
provide input to, am. receive updates on, the tIMs progiam. '!he PRe
provides am. inp::>rtant public involveinent am.' review' C01'd1i.t for the
Executive' canmittee to guide the develcpnent am. iaplementation of the
IllMS. Recanmen:1ations to the Executive cernmi.ttee are made by group
consensus after open disolSSions occ:uiri.n3" at PRe meeti..n;s. '!he .
f:requerx::y of sum meeti..n;s is about every three. nonths Unless matters
arise that dictate m:re frequent sessions. Where additional
information or clarification is neede::i, the Executive camni.ttee will
:refer the matter to the Management canmittee (hereinafter described) to
provide the :required 'data. '!he Executive camni.ttee provides the Policy
Review camni.ttee with study outlines am. reports for their review ard
cXmnent. '!hey will also provide peripdic update on study plogn:ss am.
will :refer other matters to them that are germane to the~ of the
PI03IaIU for cx:mnents arid IE!CXJll1L1lE!l'rlations. '..

Management CCIDmi.ttee. '!his c:x:.rnrUi.ttee is c:x:mprised of: USACE South
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Pacific Division UIMS Program Manager, EPA Water Management Division
Crief, S~ Executive Officer an::l sc:::rx: Executive Officer. '!he
cammittee provides _the necessary interagency coordination as well. as
facilitatin; with cost participation matters. Each member of the
Management Ccmnittee represents· the interests of all departments an::l
divisions of hisjher agency, Board or CClDmission. Each member is .
authorized to speak for these entities an::l enlist their resources, as
appropriate, arrl is responsible for all coordination within their
:respective organization. Matters,·that cannot be resolved by the .'
Management Ccmnittee are referred to the Executive Ccmnittee for

,expeditious resolution. '!be Management cemnittee develops arrl
disseminates .study reports for review arrl cxmI¥=mt to the Technical
JliNisory Panel arrl the san Francisco Estuary Project. '!he _Management
Ccmnittee also selects arrl appoints the ootside -tedmical .experts -that
save on the Technical/science JliNisory Panel. '!he Management
cemnittee exercises direct supeIVision over the UIMS Work Groop.

Work Groop. '!his oammi.ttee consistS of_ the USACE san Francisco
District CCInrnarx:ier, arrl representatives of EPA, S~, an:} l3CIX:.

. '!he responsibility for developin; all of the.IrIMS concepts, work plans
an:} study reports resides in the Work Group. '!his responsibility
exterx:1s to' acquirin; arrl al-locatirq the necessary resources (manpower
arrl funds) to perfonn the required field work arrl produce the study
reports. '!he manager of this group is the o:mnander, san Francisco
District with IreIllbers carrprised of a senior tec:hni.cal manager fran the
COrps, EPA, S~ an:} IlCD.:. Un:ier the p.IrView of the Work Group ~
three SUb-Work Groups han::llirq the imividual study elements: ocean,
In-Bay arrl Nonaquatic. As, agreed to by the participatin; regulatory
agencies, EPA has lead responsibility for the OC:eanstudies with
principal support provided by the COrps. For the In-Bay an:} Nonaquatic
studies, the COrps has the lead responsibility withs~ an:} sc:::rx:
providi.n;J principal support, :respectively. '!he entire study effort is
to be integrated by the COrps. SUb-Work-Group participation by those
agencies arrl interest organizations that have subject matter krl<Jwledge
or~ ,is eJlC:X)llraged. . .

Tedmical Advisory Pclnel. '!he management st.l:ucb.1re includes '.
tedmical review by both- an expert panel an::1 local agency/private
scientists specializirq in_ disciplines gemane to the three Work Group
Elements:, ocean, In-Bay an::1 Nonaquatic studies. '!he purpose of the
expert panel is to provide the prpgram with critical ootside tedmical
review of the program I S conceptual approadl, scientific rigor and
application of tec:hni.cal f:in:ii.n;Js. '!he expert panel provides their
in:lepen:ient, expert opinions to the Management cemnittee on the
scientific credibility an:} defensibility of the work beirq reviewed.
'!he Tedinical JliNisory Panel is also made up of interested an:}

krl<Jwledgeable scientists fran federal, state an:} local interest
organizations. '!he member scientists, havirq local -subject -matter_ -
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expertise, evaluate study concepts am documents am provide their
advice am local ~ives to the expert panel members am may
sul:xnit minority reports to the Management cemnittee if their
IeXllwendations are not adopted by the CXI'I'plete panel.

san Francisco Estuary Project. '!he SFEP provides a vehicle to
disseminate infonration conce.rnin:J the IlIMS to the general PJblic
through its existi.n:J infrastJ:ucture am PJblic involveme."ltjoutreach
programs. As the products of the IlIMS studies are evelved they will be
presented am distributed at p..tblic workshcp; in conjunction with
SFEP's Dredgi.n:J am wateJ:wciy Mcdi.fication SUbccmnittee. IlIMS p:nXltess
reports can be provided at SFEP" ccmnittee meeti.rgs am other activities
can be presented through quarterly newsletters, special presentations
or workshops am fact sheets. 'Ihe SFEP coordination is effected
through the Management canmittee.

'!he developnent of lorg-tenn djS[OSa1 plans for dredgi.n:J projects
has been strol'¥1ly emorsed" by a number of praninent scientific am
en;Jineeri.n:J groups. In December 1986, the" Director of civil Works,
Major General H.J. Hatch (currently Clief" of Ergineers) signed a policy
letter establi..sh.i.n:J IlIMS as a major COzps national policy initiative.
OJrrentl.y, IlIMS developnent is cxxlified in the COzps' dredgi.n:J
regulation (33 em Part 337.9), ~dl states, "District en;Jineers
should identify am develop dredged material dj sp=>sa.l. management
strategies that satisfy the lOl'¥1-tenn (greater than 10 years) needs for
usACE projects."

COnc:eptually, IlIMS developnent is a sequential process oonsistinl
of five Jilases~ eadl with a series of essential activities that lead to
decision-IDakin:} before"continu.in;J to the next p,ase (Francin:Jues arrl
Mathis, 1989). A description of the five UIMS Iilases follows.

FflASE I - Evaluate Existi.n:J Management Options. 'Ihi.s t:hase is
inten:led to serve as the first level of appraisal am decision maki.rg.
'!he initial step is to establish limits on projects' analysis area,
incluclin;J both geographical extent arrl timeframe(s) within whidl~
analysis will oco..tr. once the IlIMS stuiy limitS are set, the next step
is to identify the di:'edgiJ'g needs in tenDs of volumes, drEd;Ji.n:J
frequen::y, an:1 dredged material characteristics for the project(s)
within the study baJn:3aries. Next, an identification of exi.stin;J site
capacity should be made for a c:x:rtparison of needs versus cxi..stin:J
capacity. At this point, a decision can be made as to whether there is
a need to fonnulate management alternatives (R1ase II) or to docnment
the lorg-tenn practicality of the" exi.stin;J management strategy "(R1ase
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III) prior to prt:lO?f'ding to inq:>lernentation.·

RiASE II - Fonm..l1.ate AlteJ:nativeS. '!he' ~jective of R1ase II is to
systematically develop an:l retain all viable'IOI'¥1-teJ:m dredged material
disposal management options. It is essential' that equal consideration
be given to all catEqories of management options (uplan:l, wetlan:l, .
intertidal, open water, an:l structural methods to reduce dredgin3). To
evaluate the feasibility of the management options, the next step is to
CCI'lpile an:l analyze existin3 data associated with each management
option.. At this point, a decision is made as to the sufficiency of the .
existin3 data for evaluatin3 the suitability of each management
option•. If the data are sufficient, the next step is to retain the
feasible options for further use. If the backgrounj infonnation is not
sufficient, data gaps ItDJSt be identified, validated, arrl screened based
on varioUs factors such. as potential for developnent, an:l time an:l
resources nee::ied to fill the gaps.. If the needs are vali.d, then a data
collection effort ItDJSt be planned. Invalidated requ.i..remants result in.
either no further evaluation of the management options, or in research
an:l developrent of l'1e'W option(s). Once the validated &ta requ.i..remants·
have been· met, the next step is the elimination of iIrpracticable .
alternatives. Finally, this array is transformed fran viable
management options into.attainable an:l inplement:able alternatives.

RiASE III - Detailed Analysis of Alternatives. 'Ibis Ii'lase pz:ovides
for a thorough analysis of exi.sti.n1 dredged material disposal
management plans an:l the detailed evaluation, screenirg, an:lselection
of a preferred lOI'¥1-teJ:m dredged material management strategy. . '!his
analysis should weigh an:l balance ergineerin3, econanic, an:l .
enviromnental factors an:l benefits. '!he pmp:se of R1ase III is to
select the most practicable strate:Jy consi.st.in:J of one or IIOre
alternatives for iIrplernentation an:l to provide the ~IY .
docl.Dnentation nee::ied to support this selection.

PHASE IV - I.:IMS Inplementation. '!he pmp:se of :Rlase IV is to
develop the operations plan for inplemen1:in;J the selected dredged .
material disposal sites. Considerations for this iJrplementation plan
develq;:ment should include the administrative, procedural, management,
an:l nmdtorin3 requi.xements. 'Ihese .considerations should 1nclude:

(1) Administrative, procedural, management, an:! nmdtorin3
requi.xements •
(2) Enviromnental doonrentation for the life··of the plan.. '
(3) I.orl3'-teJ:m water quality certifications.
(4) site specific an:! regional permits/authorizations.
(5) Formalized regional mitigation stratEqies. '...
(6) In'plementation of site management requi.xements.en streaml.i.nirq of permit p:rocessin3 procedures.

- ,

PHASE V - Periodic' Review an:! Up::1ate.· '!he final Ii'lase of rOO
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developnent is the periodic reevaluation of the I.:IMS plan, based on
char'¥3'i.n:;J -regulatory, econanic ani environmental cx:n:litions, ani
tedmologic oorditions. '!he mtent of R1ase V is to assure that
decision-makers will maintain a viable iIrplementation strategy which
reflects the chargi.n:;J con::litions.

'!he first San Francisco Bay region I.:IMS study, !base I Needs
Asse:sstnent, -was carpleted by the Management CClDmittee in octcber 1990,
adopted by the Policy Review cemni.ttee in November 1990, arx:l approved
in December -1990 by" the Executive cemni.ttee. '!he document concluded
that there clearly is a shortfall in disposal-capacity for the
inprovement projects scheduled by the Corps, tlle Navy arx:l the ports for
this region - on the order of 19 J!CY. It states current in-Bay
aquatic capacity appears to be capable of ha.n:ilil'q the maintenance
-dredgi.n:;J requirements for the foreseeable future provided the material
is slurried before disposal to optilnize dispersion of ma:terial fran the
site. Hat1ever, there is a neej to address- environmental concerns. In
addition, it fa.m:i that there is currently -no identified aquatic or
nonaquatic disposal capacity for contaminated dredged material 
although, it is not_ clear what the contaminated material disposal
requi.reIIents are. It errp,asized -that -beneficial uses should be
considered as a high priority for any material that meets the econani.c, 
enqineerirg, arx:l environmental criteria for _a given use. In SllIDlllal:Y,
it states that the projects in the region will likely require continued 
use of existirg disposal alternatives as well as additional open-water
disposal, confined disposal arx:l beneficial- uses to satisfy their
IOn:J-tenn dredgi.n:;J requirements.

'!he fin:li.n:Js of !base I lead to develq.ment of !base II of the UIMS
_process. R1ase II involves the fonnulation of appropriate disposal
alternatives. '!he neej for specific environmental, enqineeriIg ani
econani.c studies is beil'q detennined at the" local level to study the
ocean, in-bay arx:l nonaquatic alternatives. - A study Plan was initially
developed-in February 1990 am revised in April, August ani December
1990 based on ccmnents fran the Policy Review o:mni.ttee, the Work Group
ani Corps Headquarters. In developiIg the study Plan, maximum use was
made of eXi.stin; studies ani technical fie.L'=; work clirectly gennane to
the proposed alternatives studies. Me.!IJOOr organizations of the study
work groups ardjor the Policy Review CClDmittee made every effort to
make sudl studies or other infonnation aVailable to the Work Group so
that the previous researd1 am fin:li.n:Js could be effectively
ir¥:xnporated into the UIMS effort. 'Ihe Management CClDmi.ttee finalized
the study Plan's description of tasks am the pl::CXJ:Iam bu:lget, in::lud.i.nJ
the staff costs of the participatiIg agencies, in Jarnm.y 1991. '!he
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dcx:::urnentswere reViewed by the Policy Review o:anIni.ttee .in March for
approval by the Executive Ccmnittee in 'June 1991. .

~ - .

In order to meet the· schedule:i canpletion date of mid-1994, . sane of
the studies on the critical path for the prcgram 'were started in 1990.
'!he cx:ean studies necessary to designate a new offshore disp:Jsal site
under section 102 of the Marine Protection, Researdl.an::l sanctuaries
Act were initiated in July. A prelimincuy oceanOgraphic survey of
'bathymetry in the Gulf of Farallones was canpleted by EPA in August .
1990. Fran the prelimincuy survey,·' a detaile:i nosaic of the cx:ean

, floor was constructed in water depths fran 100 to ·1000. fathcms. '!his
. lNOrk was done by the US Geological SUIVey an::l provided details on the
areas bathymetry, material CXillfOSition an::l stabilitY. "'!he results of

. the survey allowe::i preparation of a detaile:i designation plan ~luding

current meaSurements, rnnnerical IOCdeliIgan::l benthos assessment. '
0Jrrent meters were deploye:i· in the Gulf of the Farallones, an::l one .
hydrographic cruise was canpleted by March 1991. A critical element'in
the cx:ean studies process is the' adequate description of c::harges in
oceanographic seasons ,offshore of san Francisco•. '!his requirement for
a canplete record of seasonal chan:;Jes cieInarrls more than a year of field
investigations. '!he l.JVilel1ing' period begins in the April-May t:ilrefrarre
an::l is key to the nevement of nutrients an::l fish off the coast. In
order to catch this event, field work was initiated prior to adoption,
of the final study Plan•.

In-Bay an::l Nonaquatic studies are waiti.rg for the canpletion of the
study Plan but are schedule:i for initiation' in early spriIg. Detaile:i
scopes of lNOrk for critical elements began in February in order· to
facilitate contract award upon approval of the study Plan.

cnsT PARI'ICIPATION

''!he estilDated total costs of studies an::l staff lNOrk for the san .
Francisco Bay regional IIIMS is awroximately $16 million (M).
FinanciIg of the program's :f\.1r'xlirg :requirements is beiIg developed on a
c::ost participation basis. Cost participation is defined as voluntary
contributions to the study effort in tenDs of :f\.1r'xlirg, in-kin:l studies
or both. Cost participation is an extremely vital element of the
program for without monetaiy resources the study cannot proo8ed an::l
continue. Initially, the COrps, EPA, S~ an::l B::::OC identifie:i.an::l

. provided prelimincuy :f\.1r'xlirg for 1990 an::l indicated potential
additional:f\.1r'xlirg .for the fiscal years 1991 through 1994. Also,
canpleted an::l ongoiIg aquatic an::l nanaquatic' studies gennane to the
IIIMS studies will be made available by the US Navy an::l the .Port of
oaklan::l. 'Ihese actual. an::l potential contributions still leave a
:f\.1r'xlirg shortfall for ~ studies sChedule:i for 1993. 'Awraxi.mately
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$10M in studies arrl $6M in staff costs are needed to achieve a IlIMS
fonnulation duri.n:J the 1990 through mid-1994 tiJneframe. Presently,
ccmnittEc1 funjs to the studies budget are aroun:i $9M, inclucii.n;J COrps
$6 ~ SM, EPA $1M arrl state $1. SM. . The funjs oc:mmitted to staff costs are
approximately $4M, includin:;J COrps $1. SM, EPA $1M arrl state $1. SM. '!he
:r:eIrai.ni.rg studies furrls requirement is $lM arrl is beirg. requestE!d as
cost participation fran tfle navigation interests in the region.

roNCWSION .

A regional Lorg-Tenn Management strategy (IlIMS) for jredged .
material disposal fran San Francisco Bay was established in early
1990. '!his approach was necessazy because of the conflict arrl
cxmfusion surroun:lin:;J the issue of· dredged material disposal in the
region.. 'n1rough the IlIMS process, regional oonsensus is bei.n:J forged.
'!he IlIMS managE!Il'lerit structure was organized in a spirit of cooperation
between the major Bay Area regulato:ry:agencies (COIps", EPA, S~
.arrl ac:rx:=). Direction. arrl -con1uct .of the IlIMS program is utilizirg
cxmsenSus between the irnrolved parties at the executive an:l worki.n1
levels to define the program I S study plan an:l financi.n:J. The .
participants are clevelopirg innovative techniques for managirg this
program whidl holds sudl enornous consequences for the future Well .
beirg of the region's econany arrl environment. 'n1e cxmsensus builc:li.n:J
procesS is necessa:ry not only. for identifyi.n:J·the problens to·be
addressed rot also for' insurirg the suocessful <XIlpletion. arrl effective
iJrplementation of the fifty year, .multiple-participant IlIMS program.
We believe that this oonsensus-based approach to IlIMS :resolution of
regional dredged material disposal management issues arrl problems is
currently unique: hc1Never, we also believe that it is a ~lOrthy m:rlel
for other, si:mi.lar dredged material disposal prcgrams arc:JlIl'rl :the.
ca.mt:ry.
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MOTIVATIONAL SAFETY CAMPAIGN
OPERATIONS DIVISION

J .. Patrick Langan 1

ABSTRACT

Safety has always been given a top priority on Corps of Engineer
projects and activites with the Corps Safety and Health Requirements
Manual, EM-385-1-1, being widely recognized as a standard of compliance
throughout the contracting industry. Historical performance based on
standard performance indicators has continued to improve and generally
reflects much better rates than does the construction industry at la-rge.
We could well be justified in claiming that we are as good or better
than most others and continue to move forward each year with nominally
lo~er accident frequency and severity tar~ets based on the p~evious
year's performance. However, it is our belief that proper.motivation of
both Government and Contractor workforces through highly visible
management commitment can produce dramatically improved safety
performance.

Such a-program was implemented-by the Mobile District in 1990 in the
form of Operations Division's Safetyball 1990 Motivational Safety
Program. Results were dramatic as accident frequency rates plunged from
the Corps traditional target levels by 50 percent on contract work and
by 90 percent on Government activities. The combined frequency rate for
all activites was 66 percent lower than the previous two_y~ars.

Unfortunately, dredging contractors were primarily responsible for lost
time accidents on th~ contract activitie~, but even then, a. significant
improvement was real i z_ed as the year progressed.

The safetyball program will continue indefinitely with minor
procedural modifications, but with the same high-level of manag~ment

participation.

INTRODUCTION

On the job accidents are costly to business and the taxpayer, but
even more importantly often result in a pitiful qualit~ of life:for its
victims, even death, and extreme ,hardship and heartache to family

lChief, Project Operations Branch, Mobile District Corps of
Engineers, P.O. Box 2288, Mobile; AL 36628-0001
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members. A recent Dupont safety newsletter cited National Safety
Council statistics for 1988 revealing that on-the-job accidents cost
U. S. industries $47.2 Billion. These costs include lost wages, medical
expenses, the cost of administering insurance. and uninsured costs, but
exclude property costs and lost productivity. Lost workday cases are
used as an index of injury performance, and in 1988, the average lost
workday case cost $26,200. Translating injury costs to the bottom line
of a company's ledger sheet shows how significant even one lost day
workday case can be on a small business. Assuming a small business is
operating at a profit margin of 5 percent, it would have to generate
$524,000 in sales to pay those injury costs. Consider a major
construction company with 1,000 employees. That company, if typical of
its field, will'sustain 29 lost workday cases costing a total of
$760,000. Again, wit~ a profit margin of 5 percent, would require sales
of $15,200,000. .

The Associated General Contractors (AGC) received the Business
Roundtable's 1989 Construction Industry Safety Excellence Award and this
year is kicking off a number of activities that wi 11 provide 'support
information to construction contractors as a means of implementing the
proposal that won the award late last year. AGC's proposal pledged to
develop a campaign to encourage construction contractors to implement

'sound safety programs within their· companies. ,AGC's campaign will '
emphasize that safety is not only a moral imperative, but that it has a
major impact on contractor profitability ,and the quality of performance. '

The Operations Division, responsible for the O&M Program within the
Mobile District, is quite large,with about 700 employees located over a
very large geographic area within four states. The Division is
responsible,for a diverse program involving dredging and marine
construction, surveying, locks, dams, powerhouses, recreation areas and
lakes, navigation' on coastal, and inland waterways, and regulatory
functions. The O&M program exceeds $110 Million annually, about 55\ of
which is 'accompl ished by contract activi ties. The combined Government
and contractor man-hours worked within the Division exceed 3,000,000 per
year with a near equal distribution.,

Safetyball 1990 had as its goal the' improvement of safety
performance for the Division's activities based on a total team
approach. The campaign was the brainchild of Freddy R. Jones,
Chief of Operatiori~ Division, after careful research of successful
programs within industry. Dupont for one, has a remarkable record and
tops the chemicals and allied products category within industry. The
company I s overall management approach and accountabi I ity for safety
performance and awareness for safety responsibility at every level are'
key to its success. 'Mr. Jones involved every employee in Operations
Division in development' of the finalSafetyba11 'format.
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SAFETYBALL EXECUTION'

With the goal of teamwork to improve safety performance, SAFETYBALL
1990 was_staged and carried out to resembl~ a football season with
monthly game competition between the teams-. The "good" team was made llP
of the Corps and its contractors who competed against accidents,
injuries, and property damage. Scoring opportunities for positiv~

safety activities as well as infractions are the basis of the
scorekeeping. Monthly "game balI" awards presented by major sports
celebrities were given as well as year-end awards. The game balls were
presented 'by such dignitari~s as Kenny Stabl~r, Auburn Coach Pat Dye,
Alabama Coach Gene Stallings" New Orleans Saints Coach Jim Mora, Scott
Hunter, SEC Commissioner Roy Kramer and others.

As noted earl ier, Safetyball. 1990 invel ved everyone within the
Division to a significant degree. A safety committee was created
representing a cross-section of the Division to include headquarters and
field activities and management -and journeymen personnel. Positions on
the committee are rotated for maximum team participation. The committee
was responsible for development of the operating philosophy, naming of
teams, evaluation of accidents and recommendations for preventing future
accidents, selection of training courses, and in general, contributed to
the continuity of the campaign.

Safetyball 1990 was kicked off with appropriate news releases and a
quality eleven minute video production that ,was shown to all employees
and to our contractors at opportunities such as pre-work conferences.
The video was portrayed as a pre-game or pre-~eason interview between a
sportscaster and .coach(Freddy Jones) for the'upcoming season 'which
consisted of 12 monthly games. It described the safety philosophies
that would lead to a successful season, scoring 6pportuni~ies" and was
complete with football soundtrack, pep talks, and cheerleaders, ~ll with
Corps personnel. The safety statements of philosophy are givenrin the
next page. Posters'emphasizing all of these philosophy statements were
displayed throughout our facilities at strategic locations. Each of 32
separate offices within the Division and the contractors they employed
were designated as a typical football team position and made up the
Operatipns Division Team,: which ,was named the Safety Expr:ess. _ Each'
office contributed to the monthly score by ~irtue of their s~fety

performance. The' opposition team was named Black, and Blue U,and 'was·
composed of accidents,-injuries, carelessness, and unsafe practices. ' A
"hal f-time" video was --also produced midway through t-he ,seasoIJ. in order
t6 maintain the ,enthusiasm foi the pro~ram., Abou~ this sam~ time,' the
Division I s management, including all 'field installations, met ,at ,a' _,
workshop that involved sessions from a management consultant on safety~
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OPERATIONS DIVISION
.SAFETY

PHILOSOPHY.

NONE OF OUR WORK IS IMPORTANT
ENOUGH TO RISK AN INJURY TO PERFORM IT

SAFETY IS A TEAM GOAL AND A MANAGEMENT RESPONSIBILITY

WORKING SAFELY IS THE DUTY OF EVERY WORKER

ALL ACCIDENTS ARE PREVENTABLE

PREVENTION OF PERSONAL INJURIES IS GOOD BUSINESS

SAFETY- TRAINING IS ESSENTIAL.TO SUCCESS

SAFETY IS FIRST ON AND OFF THE JOB

Scoring for the games was·determined by a number of performance
indicators which were assigned points. Points could be scored by either.
Safety Express or BI~ck ~nd Blue U. For example, each lost time injury
during a game (month) was worth six points to Black and Blue U, whereas
a game free of' lost time injuries was worth six points to the Safety
Express if 90 percent of the team members were successful. If 100
percent were successful, then the Safety Exp~ess receiv~d 12 points.
Table 1 shows all the scoring possibilities.

During the"year the success of the program' was continually monitored
by management and the safety committee, which represented a
cross-section of the Division. As -acdde-nts occurred or as trends
developed, measures were taken to' el iminate or avoid, reoccurrenc'es.
Examples of these were an increase in Government vehicular accidents and
a rash of dredging accidents early'in the year .. These situations were
addressed promptly, firmly, sincerely and with a suitable level of
follow-up by top' 'management.
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Table 1; MONTHLY SCORING POSSIBILITIES UNDER SAFETYBALL 1990' .

NO PROPERTY DAMAGE INCIDENTS
30 TEAM MEMBERS 3
32 TEAM MEMBERS 6

NO LOST TIME INJURIES
28 TEAM MEMBERS 3
30 TEAM MEMBERS 6
32 TEAM MEMBERS 12

COMPLETE SAFETY TRAINING
1-11 EMPLOyEES 1

11-22 EMPLOyEES 3
23-EMPLOYEES 6

l
BLACK & BLUE "U" (POINTS)

EACH LOST TIME INJURY
DURING .ONE MONTH 6

EACH INCIDENT DQRING A
MONTH REQUIRING MEDICAL

TREATMENT BY A DOCTOR OR
MEDICAL FACILITY 3

EACH MOTOR VEHICLE INCIDENT
. $250 OR, MORE ESTIMATEDI ' '

ACTUAL COSTS 3 "

EACH PROPERTY INCIDENT
$250 OR MORE ESTIMATEDI
ACTUAL COSTS 3

FAILURE TO REPORT TO OP
A LOST TIME INJURY

WITHIN 24 HOURS 3

PAILORE TO SUBMIT A CA-l
WITHIN 3 DAyS ", 3

FAILURE TO HAVE WRITTEN
SAFETY PLAN AND JOB .
ANALYSIS PORA MAJOR
JOB ' ' ;. 6

(POINTS) .SAFETY EXPRESS

NO INCIDENTS REQUIRING MEDICAL
TREATMENT (NON LOST TIME)

26 TEAM MEMBERS 3
28 TEAM MEMBERS 6
30 TEAM MEMBERS 10
32 TEAM MEMBERS 14

NO MOTOR VEHICLE INCIDENTS
30 TEAM MEMBERS 3
32 TEAM MEMBERS 6

CONDUCT PUBLIC SAFETY OR
SAFETY AWARENESS MEETINGS

1-10 MEETINGS ". 3
11-20 MEETINGS 6
21- MEETINGS 12·

OBTAIN SAFETY CERTIFICATES
1-5 EMPLOyEES·......... 3
6-10 EMPLOYEES 6.

11- EMPLOYEES 10

I·
I
I"
I
I
I
I
I
I
I
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I
I
,I

I
I
I
I
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The season finished with an impressive 11~1 record. In addition to
the loss, there was a squeaker or two, but overall, a most impressive
effort ~or the year. The scoreboard at the end of the season, which was
enthusiastically maintained during the season at all offices within the
Division in shown in Table 2.

Table 2. SCOREBOARD FOR 1990

OPERATIONS DIVISION
SAFETYBALL - 1990

Safety Express Black & Blue'

55 Jan 18
52 Feb 27
40 Mar 75
49 Apr 42
49 May 33
52 Jun 27
49 Jul 48
56 Aug' 15
58 Sep 9
47 Oct 3
52 Nov 21
54 Dec 6

The number and monthly averages for various types of incidents are
given in Table 3. Except for the lost time category, which will be
discussed in detail later, the historical data from previous years are
insufficient 'to evaluate fully the effectiveness of the campaign in all
categories. However, some observations are apparent from these data.
Injuries, both lost time and non-lost time, are largely contributed by
the contractor segment. The monthly rate, however, is significantly
reduced after Safetyball 1990. As indicated from the table, motor
vehicle and property 'damage incidents have a lower threshold for
reporting under safetyball than the normal 'safety data collected by the
Corps. In any event, the 1990 record will serve asa b~seline for yet
further reductions established as ~oalsfor continuation of the safety
campaign in 1991;

298



I
I
I
I
I
I
I
I
I
I
I
I
I
·1
I
I·
I
I

Table 3. MONTHLY INCIDENT DATA

I CY 90 FY'S 88/89
MONTHYL MONTHLY

TYPE INCIDENT NUMBER AVERAGE AVERAGE

Lost Time Injury 9 0.75. 2.17

Contractor 8 0.67 1. 21
Government 1 0.08 .96

Personal Injury
No-Lost Time 73 6.08 Unknown

I

I
Contractor 56 4.67 Unknown

.Government 17 1. 42 3.17
·1I

Motor Vehicle
Accidents 13 1. 08 . Unknown

Contractor 5 0.42 Unknown
Government 8 0.67 .58*

Property Damage 6 0.50 Unknown

Contractor 4 0.33 Unknown
Government 2 0.17 .75*

Property Damage Total = $81,846

*Percentages are based on a threshold of $1,000
Safetyball 1990 threshold is $250

Frequency and severity rates for lost time accidents are the basic
measures of safety performance .. Table 4 presents the FY 88, FY 89, and
CY 90 statistics for Operations Division personnel and its contractors.
It is quite obvious from the table that Safetyball 1990 had a dramatic
impact on reducing lost time accidents. Overall, the CY 90 results.
reflect a 62 to 72% reduction in frequency rates as compared with the
two previous years. A similar comparison for Government and Contractor
employees were 89 to 93% and 43 to 55%, respectively. Reductions in
severity rate parallel and are near the same as these frequency rate
reductions. Such reductions are remarkable, and support the basic
philosophy of Dupont that requires a sound management approach and an
awareness that permeates the entire workforce.
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Table 4. COMPARATIVE LOST TIME ACCIDENT RATES

FY 88 Combined

Manhours
Worked

2,958,907

Frequency
Rate*

2.02

Severity
Rate**
19.60

---------------------~--------------------------

Government

All Contractors
(Dredging ")

1, 436,716

1,522,191
517,314

1. 94

2.10
2.71

6.82

31. 66
51. 03

------------- -------
FY 89 Combined 3,106,188 1. 48 23.50

------------------------------------------------
Government 1,436,807 1. 25 12.25

All Contractors 1,669,381 1. 68 33.19
(Dredging ") 554,870 1. 44 12.62

CY 90 Combined 3,153,865 0.57 9.89

Government

All Contractors
(Dredging .11)

1,471,721

1,682,144
705,124

0.14

0.95
1. 42

0.68

17.95 '
. 29.50

*(No. of lost time accidents) X 200,000
,Tota1 Manhours

**.LNo-!-_dall-lost) X 200,000
Total Manhours'

Further analysis of Table 4 reveals that the dredging contractors
lead the contractors category, which is somewhat understandable since
dredging is a heavy construction industry as compared across the board
with-all contractors. The data show a reduction in frequency rate from
FY 88 to CY 90 comparable to the contraetors reduction. There is no
similar reduction from FY 89 to CY 90 because the FY 89 statistics are
quite good themselves. This may be misleading, however, due to a
three-month gap not reported between FY 89 and CY 90, during which there
were two lost time accidents in late December which would have
influenced either year's data. It is also known that all but one of the
CY 90 lost time accidents occurred early in the year which combined with
the data gap mentioned leads to the conclusion that the dredging
contractors' safety programs also have improved significantly.
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SUMMARY

Safetyball 1990 was a tremendous success for Operations Division of
Mobile District and helped to earn the South Atlantic Division
annual recognition as best District in categbry No.2 (over 1 million
manhours). The level of awareness for safety was sufficiently elevated
particularly within the Government work force to produce an enviable
safety performance. Contractor personnel also made drastic improvements
which are hoped to continue. Due to the success of the program, it will
continue with little change indefinitely into the future.

The goal for 1991 is challenging, a 50 percent reduction from the
1990 achievement. The specific goals are:

o Lost time frequency rate <0.28/200K manhours.
o . Non lost time frequency <3/Mo.
o Motor vehicle incidents <O.S/Mo.
o Property damage incidents <0.25/Ho.
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YOU CANNOT OPTIMIZE CUTTERHEAD OPERATIONS WITHOUT A COMPUTER

Thomas M. Turner 1.

We will use, as an example, the 18" dredge spreadsheets and
production charts of a software program developed by my company.. The goal
of this software was to calculate the production of any

The title of this paper is not intended- ·to .offend the experienced
operator; but to express a personal conviction.' Having studied cutterhead
dredges for decades, I believe the personal computer is essential to the
most efficient operation of the dredge. . This paper will attempt to
explain that conviction.

34326

There are an incredible number of combinations of variables which
affect the performance of a dredge, e.g. the type and grain size of the
soil; the size of the suction and discharge' lines; digging depth; pump hp
and speed; line length and terminal elevation; work face height; swing
width; and presence of a ladder pump. There are fifty different
concentrations o~ slurries between 1.01 and 1.5 S.G. and each has a
different rheological .(flow) characteristic. It is difficult, if not
impossible, to keep all of these variables in order for. a manual
calculation; however, for a personal computer it is quick and efficient.

Of course, the computer must have a competent software 'program to
direct it. If the software. is accurate, the computer becomes an electric
analog of the .dredge. The program must .allow for the entry of all
physical characteristics of the dredge, soil, and the project. With good
software prompting for the necessary entries, there is assurance that
nothing is overlooked (probably the most common. fault). Nothing is
required as an entry to the program that is not r~quired in. the accurate
manual calculation of a dredge's capacity.

The first requirement of a good software program is a' proven
technical data base, ·i.e. a table showing' required velocities, friction
coefficients and pump characteristics'. For example, the VEL20 chart shows
slurry velocities required to transport the solids at each S.G. The'CHE
chart shows the coefficient for reduction in pump head and efficiency as
caused by the solids in the slurry. The friction factor C chart shows the
coefficient for the well-tested Hazen & Wms. equation. The 20Hchart
shows the max water head generated by the pump at each GPM (or velocity in
ft/sec) as limited by the pump hp available. The 20E chart shows the pump
efficiency at· various velocities and for each 5.G. of the slUrry. (Only
two S. G.,' s are plotted for clari ty). All of these charts are represented
in the software demonstrated here by an extensive table approaching
200,000 bytes. This emphasizes the difficulty of manual calculations; the
computer finds the value quickly and unerringly. This procedure is made
to order for the PC.

1Turner Consulting, .Inc. 1459 Bay Point Dr, Sarasota, FLA

I
I
I
I
I
I
I
'1
I
I
I
I
I
I
I
I
I
I

303



cutterhead dredge on. any material. It soon became apparent that there
were two distinct programs required, one for the dredge with a ladder
pump, and one for the dredge without. They are different "animals" and,
surprisingly, the dredge with the extra (ladder) pump is much simpler to
calculate and operate •. First, we will examine the "D" dredge, Le. one
without a ladder pump, typical of the majority of U.S. dredges.

Note that the spreadsheet is set up for a wide range of sand and
gravel·, from a median grain size o·f 0.1 mm thru 10 mm, Le. fine sand thru
gravel. Silt and mud is also included, but since the in situ weight of
silt and mud is different than sand and gravel, a separate calculation is
required.(not discuss~d in this paper).

Col. A is the inside. diameter of the suction line in inches. If the
line is 19" rather than the 20" line shown, the user merely inserts 19
where· the 20 is shown and the program automatically recalculates all
values.

Digging depth is shown for la' to 50' for all materials. Any depth
can be inserted.

Col. C is the maximum S.G. of the slurry, and is used in calculating
suction line losses. Since barometric pressure is the only force
available to force the slurry through the suction line, the computer's
task is to determine ·if the dredge can pump the solids· from the given
depth at the desirable 1.50 S.G •• If not, what S.G. can it pump at that
·depth? Note the relationship of Col. L, the suction velocity, to max S.G.
for all materials. This velocity is calculated automatically for each
depth, and with S.G. determines the optimum capacity of the dredge. Since
higher or lower suction velocity results in lower capacity, this is
valuable info for the operator.

Dredge efficiency is derived from a table which reflects work face
height, swing width, the dredge's advance system, the in situ nature of
the soil, etc. Dredge capacity is directly proportional teD.E. so this
is an. important item. The documentation for the software explains D.E. in
detail. D.E. eliminates the need for. "advance limited" or "chasing
material" calculation techniques. The D.E. table can be adjusted to meet
the estimator's own experience.

The average S.G.of the slurry is used in calculating the losses in
the discharge line. . ,

GPM is given for information only. It is not used in any other
calculations.

HS, or slurry head, is the total dynamic head generated by the pump
when pumping solids ~ This, in conjunc tion wi th the next two columns, pump.·
efficiency and discharge line velocity, determines the line length through
which the material can.be pumped.

FlOO is the friction loss in the discharge line expressed in feet of
water per 100' of line.
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1- DSU DPTI-I SGMX D.EFF S~V VSUC GPM HS EFS VD F100 DO TE HSUC CY/H ll. HP HPF

t1NI &\ND 01 NM
20 10' 1.50 0.50 1250 17.09 16736 183 0.74 211 823 18 10 16,8 1130 1686 -1046 0.56

I
20 20 1.50 0.50 1250 15.12 U8052U 0.72 18.7. - 6.56 18 10 16.3 999 2629 11U 0.'2
20 30 1.50 0.50 1250 12.85 12581 262 0118 15.9 4..86 18 10 15.8 8U '607 1222 0.31
20 40 i.'7 0.50 1235 10.94 10714, 310 0.83 13.5 3.52 18 10 15.4 880 7828 13(3 025
20 .50 1.39 0.50 1193 11D6 1083' 301 0114 13.7 3.40 18 10 15.5 563 7857 1291 0211
20 50' _ 1.30 0.50 1150 10.511 10371 293 0.82 131 2.9 ( 18 10 12.8 (20 8932 1239 0.33

I
20 50 120 0.50 1100 '9.80 9401 281 0.59 11.9 227 18 10 9D 25( 11281 1138 0.40

MmlJU SIJlI) 0.316 W
20 10 1.50 0.50 1250 18.87 18328 182 0.70 20.8 8.40 18 10 18.8 1102 1820 1089 O.BO
20' 20 1.50 0.50 1250 U.75 U44.4. 2U 0.69 182 6.70 18 10 162 .975 2561 112' 0_'5

1- 20 30 1.50 0.50 1248 12.8( 12380 258 0.85 15.8 496 18 10 15.8 827 4392 123( 0.3(
20 '0 1.4.0 0.50 1200 12.80 12333 268 0.88 15.5 4.8( 18 10 15,8 866 4978 1269 0.38
20 SO 1.3' 0.50 1168 12.82 12362 277 0.811 15.8 '.32 18 10 15.8 559 556' 1300 0.42
20 50 128 0.50 11(0 1225 11998 284 0.85 151 3.9( 18 10 1311 (53 8380 1328- 0.48
20 SO 120 0.50 1100 1120 10968 277 0112 13,8 311 18 10 10.4 296 8020 1234 0.52

I
CIlAJ9: SAND 1.0 MIl
20 10 1.50 0.50 1250 18.04 15701 177 0.87 19,8 8.38 18 10 181 1080 1580 1054 0.83
20 20 1.4.8 0.50 1.2'0 U.50 U201 210 0117 17.9 11.82 18 10 15.8 920 2'611 1132 0.50
20 30 1.38 0.50 U90 1459 U289 223 0.87 18.0 8.30 18 10 181 733 2900 1198 0.58
20 '0 1.32 0.50 U60 lU9 14185 226 0.88 17.9 5.85 18 10 111.3 613 3188 1191 0.81

I 20 50 1.28 0.50 1140 IUS 13958 238 0.87 17.8 5.47 18 10 18.3 528 3852 1249 0.85
20 50 1.22 0.50 UI0 13.20 12928 272 0.86 16.3 Ul 18 10 131 38' 5433 1345 0.8'
20 50 118 0.50 1.090 12.30 12045 271 0.115 15.2 3.89 18 10 11D 293 115611 1273 0.1111

CRAm 10.0 MY

I
20 10 1.32 0.50 U58 17.76 17392 1117 on 21.9 9.21 18 10 111.7 74.0 1302 1087 113
20 20 128 0.50 1138 17.45 17091 181 0.88 u.s 8.48 18 10 18.9 835 1802 114.7 113
20 30 1.25 0.50 1125 17D' 18887 188 0.88 21.0 7,89 18 10 17.0 581 1828 1185 114.
20 40 1.23 0.50 UU 15.80 16254 195 0.89 20.5 7.33 18 10 17.0 500 2080 11157 112
20 50 1.21 0.50 U05 18.24 15899 203 0.89 20D 8.87 18 10 18.9 4.4.9 2354 1183 1J2

I 20 SO U6 0.50 ID80 IUS 143'6 235 0.117 181 5.34 18 10 13.2 310 37'S 1280 UO
20 50 U( 0.50 ID70 13.95 13881 257 0.87 172 4.80 18 10 11.8 258 4891 1330 1.05
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nn is the inside dia~~ter of the discharge line in inches.

TE is the terminal elevation of the discharge line in feet.
, "

HSUC is the average s~ction h~ad, easil~ translatabl~ into dredge
pump vacuum, an important piece ,?f info for the op.erator,.

Cubic yards p~r hour i~ ihe production rate of the ~redg~, and li~e
length ,is the di,stancein feet 'that c'apacity can be' pumped. Note that
~ach row of data in the spr~adsheei:repies~nis the complete: rheolo~y for

, the specified conditions.

HP is the pump shaft horsepower, and HPF is the HP fac~or,i.e. the
HP required to pmnp' one ,cubic y~rd per hour 1000'. '

~ote'the effect 'of grain size on production and rheology~ e.g. F100
and line length. ,The effect of gravel is dramatic, a potentially helpful
point'with claims or litigations. '

Production charts, are, produced ,for eachmateri-al, clearly demon-'
strating the relationship between CY/HR and L~L. Even more valuable 'than
the charts,'the spreadsheet data shows optimizing info for the dredge to
achieve these production rates.

The "L" spreadsheet, i.e. with ladder pump, is much, simpler than the
"n" spreadsheet. Here we do not calculate the optimum sucti'on velocity,

,but merely a range of velocities, since we are no longer barometrically
limited. Other values are derived just as with the "D", spreadsheet." ttL"
production charts, when compared with "n" dredge charts, show a great
improvement, especially at deep digging depths~

There are several useful ancillary procedures for both the ~L" and
"n" dredge programs. A booster pump can be added to the spreadsheets for
all five materials with a simple command. Also, multiple boosters can be
added, or'merely the hp on the dredge,pump increased.,

Of course, parameters such as. digging depth,terminal elevation and
line 'size can be changed' quickly wi th automatic background recalculatio,n
resulting. Further, a very conveni'ent "reverse" calculation is available.
If, it, is desired to determine the conditions required for S, dredge to
produce a specific CY/HR, or a specific line ,length, the calculation can
be made quickly. '

It is difficult to overemphasize the versatility and flexibility of
the program. The'experienced estimator or operator can make adjustments
at any point to meet the dictates of his own experience.

Visualize the advantages of having an electronic analog of your'
dredge at your fingertips. Its use in the resolution of claims' and
litigation could be invaluable~, The answers to "what if'~ questions are
obtained in seconds, e.g. what is the effec't on dredge capacity if:

(a) digging depth is lncreased by 10 feet?
(b) terminal elevation is changed to 50'?
(c) gravel is encountered?
(d) a ladder pump is used?
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(e) a booster pump is added?
(f) pump hp is increased 20%?

I have been in the industry long enough to remember that once we could not
answer these questions without expensive field tests. Even then the
answers had to be interpreted in 'light of variable and uncontrollable
field conditions. It is comforting to recognize that the dredging
industry has progressed in an analogous fashion to that/of the U.S. armed
forces between World War II and the Persian Gulf War. We are now in a
different era, and the tools available to the dredgeman can put him in a
highly advantageous position if he uses them; {f. he does not. his future
may be as bleak as a second rate army against the U.S. military.

I hope I've shown you why a computer is essential in optimizing your
cutterhead operations. While the accuracy of estimates and the optimiza
tion of operations can demonstrably be enhanced by the computerized data,
we have saved perhaps the best point for last. A well-documented software
program which exposes the dredging fundamentals and necessary formulas,
can serve as the most effective dredge training program for estimators,
operators, and administrators ever devised. If you don't know and under-·
stand the capabilities of your dredge under all conditions, the personal
computer with proven software can place you in a higher bracket of
efficiency and profitability. '
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Specific Cutting Forces
of

Hydraulic Dredge Cutters
by

S. M .Bowes, Jr.*

Specific cutting forces, the force per unit length of blade, varies from
about l50#/in on small cutters to over l500#/in on large cutters. There
are four basic approaches to the determination of this and the corres
ponding horsepower requirements for a cutter of a specific size.

The first, is a thorough analytical approach based on the physical pro
perties of .the materials to be excavated and the depth from which they
are to be dredged. This requires a series of complex calculations based
on field and laboratory data that mayor ·may not be truly representative
of the material to be excavated.

The second approach is a simplified method of simply assigning a specific
cutting force between l50#/in and l500#/in, based on the cutter size and
the~ performing the necessary calculations to determine the horsepower
and the shaft size required to deliver this specific cutting force.

The third approach is the determination of the "rated" specific cutting
force based on the design geometry of the cutter, specifically the b/ID
ratio and the power factor "f " as determined by the ''Horsepower Rating
Program" developed for hydraufic .dredge cutters in 1976. The b/ID ratio
is the ratio of the cutter blade thickness to the inside ring diameter.of
the cutter.

The fourth is the determination of specific cutting forces based on the
torque carrying capacity of the shaft and the geometry of the cutter.

We will now examine each of these methods and how they can be used.

From a practical standpoint, it is doubtful that sufficient representa
tive data can be obtained to truly represent the material to be removed
from any given job and, by calculations, determine the power required to
dredge the whole job. It is possible, and has been done, to sufficiently
instrument a dredge and thereby determine the capabilities of the dredge
in a wide range of materials and conditions, based on both field and
laboratory tes.ts of the materials. Once this is done, a prejob survey
could be closely correlated to the capabilities of the dredge and a
reasonably accurate production rate and power requirement determined for
the dredge and the job•.

The simplified method of determining the power requirements of a cutter
of a specific size is by assigning a specific cutting force to the cutter
and calculating the horsepower and shaft size necessary to deliver it.

*Mobile Pulley & Machine Works, Mobile, AL.
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The equations used are as follows:

( 1 )
Tn

63,025

T = Fr

HP = ---------

Since:

where: T = Torque (in-#)
n = RPH cutter

where: F = Force (#)
.. r = radius(cutter) (in)

The force can now be written as follows:

F = Ccf CL where: Ccf = specific cutting force (#/in)
CL = cutter length (in)

From surveys and design it has been found also that:

CL = .756ID
r = .5875ID

where: ID = cutter ring ID (in)

We can now write the HP equation as:

Ccf C
L

r n k .

HP = -------------
63,025

( 2 )

where: k = number of blades engaged in the cut of one quadrant.
Therefore: k - 1;5 for six blade cutters.

k = 1.25 for five blade cut ters.

For the purpose of this paper we will consider 6 blade cutters
where k = 1.5

Therefore:
1. 5 Cc f CL r· n

HP =-----------------
63,025

Ccf CL r n
= --------------

42,017
( 3 )

Substituting ·the equivalent ID values for CL and r we have:

(Ccf )(.756 ID)(.587~ ID)(n)
HP = ----------------------------

.42,017

where:

HP = ---------------
94,600

T =.666 Cef ID 2

( 4 )

( 5 )
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For a 43-" ID cutter we have;

HP =(.0634)(43 2
-)

= 117 HP

From this it can be seen, that by assigning a specific cutting force and
a cutter speed, the horsepower varies directly as the square of the
cutter ring inside diameter. As an example:

= 300#/in and n = 20 rpm

using equation ( 4 )HP= .0634 ID 2

Let Ccf

Then:

I

1-

1
1
1
1
I

Instead of using averages, the-actual cutter length and average radius of
cutter should be used if the cutter is available for measurement.

For the radius if the points or serrations are known:

r = _~~~_~:_~r _
Number of points

If not use:
r =.5875 In

1
I
I

For the cutter length use:

CL = actual cutter length
set-up height + hub length

Then use equation ( 3 ):

Ccf CL r n
HP = ----------------

42,017
( 3 )

1
As an example: Let Ccf =300#/in

hub length = 8.75 in

Then:

n = 20 rpm set-up = 23 in
cutter ID = 43 in

I
(300)(23 + 8.75)(.5875)(43)(20)

HP = ----------------------------------
42,017

1
= 114.5 HP

This compares favorably with the 117 HP obtained using the equation based
on average sizes and using the ID of the ring only.

I
I
I
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From the horsepower, the shaft size required can be determined from:

41. 942 HP
-( 6 )

( 4 )

This analysis will give the horsepower for a cutter of a specific size at
a specific cutting force and speed, but it will not give th~ "rated"
horsepower and specific cutting force of this cutter based on the~design

proportions of the cutter itself. -

To de.termine the "rated" specific cutting force using the blIO ratio and
power factor, f p ' of the cutter, we have the foillowing:

Cd 10 2 n

HP = --------------------, 94,600

( 7 )

where:

HP = f _103 n
p

f p is the power factor.

Equation ( 7 ) is based on standard blade geometry or blIO ratio from
previous design work.

Equating HP equations ( 4 ) and ( 7 ) we have:

or:

Ccf 10 2 n
-----94:600------ = f p ID

3
n

94,600 f p 103 n

Ccf .= --------------
10 2 n

Therefore:

Ccf = 94,600 f p .10

For a rock cutter with a standard blID ratio of .081:

f p = .00016

Substituting. in equation ( 8 ) we have:

( 8 )

Ccf = (94,600)(.00016) ID

or:
Ccf = 15.14 10 for rock cutters ( 9 )
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For replaceable edge cutters with a standard b/ID ratio of .065:

Substituting in equation ( 8 ) we have:

Ccf = (94,600)(.000151) ID

f = .000151p

( 7 )

( 10 )

( 4 )

for horsepower at 20 rpm, we have:

for edge cuttersCcf = 14.28 ID
or:

As an example, using our 43" replaceable edge cutter we have:

Ccf = 14.28 ID

= 614 if I in

Using equation ( 4 ) andlor ( 6 )

Ccf ID 2 n
HP = --------------

94,600

(614)(43 2 )(20)
= ---------------

94,600

240 HP

or:

HP = f p ID3 'n

= (.000151)(43 3)(20)

= 240 HP

Since this would require an 8" shaft, it can be seen that the basic
cutter design proportions result in a cutter far stronger than would be
required for normal service plus an allowance .ior'50%overload.

From a practical standpoint, we will now' examine the determination of the
specific cutting force based primarily on the average cutter geometry· and
the torque carrying capacity of the cutter shaft.

I
I

I
I

I

I

I

I

I

I

I
I

From equation ( 4 ) we have:

Ccf ID 2 n
HP = --------------

94,600
"( 4 )

I
I-
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From equation 6 ) we have:

41. 942 HP

n

Substituting equation ( 4 ) in ( "6 ) for HP we have:

41.942 Ccf 10 2 n
d3 = ----------- x ------------

n 94,600

or:

Ccf 10 2

d3 = -----------
2255.5

also: 2255.5 3d
Ccf = -------------

10 2

( 11 )

12 )

From equations ( 1 ) and ( 5 ) a four variable nomograph or alignment
chart can be made that will allow the user to interrelate horsepower and
cutter speed with specific cutting force and cutter 10 based on torque.

From equations ( 6 ) and ( 11 ) another four variable nomograph can be
made that will allow the user to interrelate specific cutting force and
inside ring diameter ~ith HP and speed based on shaft size.

With any three of the variables known or a£sumed, all the other variables
can be determined. Or if two variables are known the relationship of the
otheT two can be selected. It should also be pointed out, that these
nomographs are guides only and "do not take into consideration the helix
angle of the cutter.

Due to the dredging parameters of the cutter, the depth of cut, set
ahead, and ladder angle, the torque demand could be considerably diffe
rent, such that the available specific cutting forces are not distributed
over 1.5 blades, but on a reduced cutter blade length, thus increasing
the specific cutting force significantly. The use of a torque demand
curve and dwell angle plots would give a graphic picture of these parame
ters and their effect on the specific cutting forces.
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From surveys and design we have 'also:

+ --------...--

A

A = ring inside diameter (ID)

B = set-up height

C = hub length

R = radius to tooth point

CL = effective cutter length

CL == .756 ill

R =' .5875 ID

+

Where:

I.

U H

t',
~

u
I
I

I

+ R
"

I

a:l

+

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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An Innovative Approach to Blasting a Marine Plug in Winter.

by

Francois Lefebvre l

Abstract

On June 1st, 1989, Kiewit Enterprises were low bidders on this challenging 32,000,000$ contract for the excavation
of the intake and tailrace channels at the LG-2A James Bay hydroelectric project in Northern Quebec. This
contract was awarded by "Societe d'energie de la Baie James" on behalf of the owners,.Hydro-Quebe.c.

The multi-stage contract irivolves the construction of 2 containment dykes on each side of the intake structure, the
rock excavation of 975,000 c.y. for the intake channel and 221,000 c.y. for the tailrace channel. The rock excavation
phase requires the removal of 3 marine rock plugs.

During the 1990 construction season, Kiewit with the assistance ofleI Explosives Canada removed one of the 3
rock plugs by using an innovative plug blast concept which consisted in using an ice bridge as a drill and shoot
platform along with a specially formulated bulk explosive

Traditionally, plugs are removed in summer by using marine equipment Drilling is performed from a drill barge,
cartridge explosives are used and barge mounted. clam cranes are used for excavation. Plug blasts are usually
30,000 c.y. or less. At LG·2A. one of the plugs was 'over 71,000 c.y. and an innovative approach was taken in order
to cut time and .cost for this major task. By using an ice bridge as a working platform and a special bulk explosive,
a single shot blast was performed before spring breakwhich gave the entire summer season for the excavation..

This presentation will focus on how the drilling was executed from the ice bridge and how ablast of this magnitude
was achieved by using a special type ofbulk explosive.

• Introduction

. LG-2A is located 9OQ·iniles north of Montreal in the James Bay territory. It is the site of the LG-2, 16 turbine,
5,300 megawats powerhouse built on La Grande River. The LG-2A project consists in the construction of an
additional powerhouse located one kilometre west from the existing one. The new powerhouse will be equipped
with 6 turbines which will deliver an additional 2,000 megawats.. With this addition; the LG-2 complex will be the
4th largest in the world. .

The multi-million dollar project started in 1987 with the construction of the tailrace and access tunnels. Then,
contracts were awarded for the penstOCk, the intake structure and the powerhouse. Fimllly came the contract for
the rock excavation of the intake channel and the tailrace channel where Kiewit was low bidder iii. 1989.

The intake channel consists of a 975,000 c.y. rock excavation to be executed in.3 stages. There was the excavation
during the season 1990 of 725,000 c.y. in dry conditions, associated with the excavation of 250,000 c.y. of marine
rock upstream of a 29,000 c.y. rock plug to be removed in 1991 (see.drawings #1 and #2). When we first analyzed
the 250,000 c.y. of marine rock excayation, we decided to build our own temporary rock plug and to remove
179,000 c.y. In· dry 'conditions behind a temporary 71,000 c.y. rock plug. This plug was removed by using the ice
bridge as a d~ and shoot platform (see dra~gs #3 and #4).

IProjecfManager, Les Entreprise's Kiewit Ltee.
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Drawing No. 2
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• Dry Excavation· 179,000 c.y. ,

C Execution

This excavation started on'a fast track on July I, 1989. By grouting the rock formation, we created our
own plug and we then formed a 12% ramp on the downstream wall of the plug in order to excavate the
rock in dry conditions. We used a 5 c.y. backhoe and 35 t trucks to muck the rock. The excavation was

, taken out in three 25' benches with a 8 to 10% access ramp.

Drilling was performed with 3 hydraulic drills using 3 112" and 4" borehole sizes with respective patterns of
10' x 12' and 14' x 14'. A smooth blasting technique with single row blasts was used for the excav;ltion of
the last 30 ftalongthe back wall of the plug. We used 3" diameter holes with a drill pattern of 5'3" x6'6".

We completed the excavation by blasting the 12% ramp in a 20,000 c.y. one ~hot blast and, to remove the
rock, we used a 12 c.y. skip bucket that was raised to the surface with a Manitowac 4600 series 4, 350t
crane. We used the crane to lower a D8N Dozer and a -21/2 c.y. backhoe at the bottom of the excavation
to load the skip bucket.' '

Most of the dry excavation was completed by October 1989 and this early completion gave us the
,opportunity to plan the' removal of the 71,000 c.y. temporary rock plug during the winter months.

C Handi·BiJik Applications '

In the early stage of the project, d~e to water conditions, labour and drilling costs in this northern
environment, it was decided to go with the ICI Handi-Bulk system of repumpable emulsion.

The MAGNAFRAC R-9205-L formulation used is sensitized with glass micro-bubbles, oontains no
aluminum and ~ pumpable at a temperature of 41Dp or higher. On the job, it was mostly pumped at
storage temperature of around 68Dp. The R series repumpable emulsions are designed for small and
intermediate-diameter (under 4") boreholes. This booster sensitive exPlosive-was loaded in the mass holes,
3-1(2" and 4" in diameter. ' '

Among a variety of delivery units developed for surface quarryiilg and underground operations, we used
. 1.5-10n and 5-Ton Goat units (Log skidder carrier) to start the job over rough accessible terrain and
establish the benches followed by a 5-Ton Grizzly unit (4 wheel drive, truck chassis).

Manufactured at -the Virny Ridge Plant, south of Montreal; the product was delivered in 2O-ton tankers _i
hauled. for a 24 :houi' drive over a 1,000 mile distance to the site. The repumpable Bulk MAGNAFRAC
shelf life of 3 months allowed us to maintain adequate inventory in a 20-ton heated tank on the site to
meet the daily-require~ents.

The MAGNAFRAC pump ,used is a double ball valve reciprocating displacement pump which dispenses
the emulsion on both the up and down strokes. The pump delivered at an average rate of 200 lb/min.
through 150 feet of 1J/4" I.D.hose and-a pumping pressure maintained in the 60 to 150 psi range; The _j

average drill and load practice which applied to this surface excavation portion of the intake channel was:
. -. ',.
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I I Mass Holes I Buffer Holes I Perimeter Holes I
Borehole 3 1/2" - 4" 3" 2 1/2"
Size

Pattern 10' x 12' - 12' x 12' 5' x 5' 24" spacing

Subgrade 3' 3' ~'

Collar 7' 5' 0'

Column MAGNAFRAC R-9205- MAGNAFRAC 5000 2" x 16" PRIMAFLEX
Load L

-
Toe Load MAGNAFRAC R-9205- MAGNAFRAC 5000 2W x MAGNAFRAC 5000 2" x

L 16" 16"

Powder 1.30 Ib/c.y. 0.84 Ib/c.y. 0.1 Ib/sq.ft.
Factor

Two cast pentolite PENTO-MEX boosters, ,lIb each, assembled to non-electric NONEL XT detonators,
16' (5 m) and 33' (10 m) long, primed each individual mass holes. The in-the-hole delay detonators were
of the same #8 delay number. This technique provided flexibility in the choice of surface delay times,
reduced damage from ground movement and simplified on-the-spot surface hook-up,and inventory stock
control. This loading method of about 175 Ib repumpable emulsion per mass hole in comparison to a
conventional loading practice with bagged ANFO and packaged product was beneficial on this job in terms
of being less labour intensive and time consuming.

• The Marine Plug Excavation· 71,000 c.y.

D Planning

A study of the reservoir level indicated that the water level would be at its lowest by March 1990 and 50%
of the plug could be drilled with conventional hydraulic drills sitting on top of the rock surface located
above the ice level and 50% could be drilled with down-the·hole drills sitting on an ice bridge. By
performing all the drilling and loading of explosives during winter, it would be possible to make a 72,000
c.y. single shot blast prior to spring break-up and to use the entire summer season for the excavation which
is the most time consuming operation. This plan also permitted to use a dragline to excavate the blasted
rock, whiCh was a major saving over a barge mounted clam operation.

It was a major blast that had never been done before and the planning was critical if we were to succeed.
All drilling would have to be performed during the winter months with temperature varying from -lSDp to
+15Dp. The plug was divided iri' 2 sections (see drawing,#4): the land portion and the ice bridge portion.
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C The Land Portion of the Plug

The land panion was the solid rock above elevation 173 that could be drilled with our hydraulic drills. It
was very important to get the right charge distribution and prevent sympathetic detonation or interaction in
between hole associated "lith borehole deviation. Consequently, to maintain verticallity, we used 4" retract
bits for their long body and every second drill steel was a 3" guide steel (see drawing #4).

To check the verticality of the holes, we used an inclinometer and registered· a 1 to 3% deviation in the
deepest holes. We drilled on a single shift basis but left the engines run 24 hours a day. Cold weather was
affecting the automatic steel feeder and the hammer. We used arctic oil, but even with this type of oil, we
had freezing problems with small hoses carrying a low flow of oil.

The average drill and load application for the land portion of the plug blast, totalling 290 holes, consisted
at - .

Borehole Hole depth SUbgrade Pattern Collar Column Load Powder
Size Factor

4.0" 65' - 90' 10' 7'2" x 7'2" 5' - 7' MAGNAFRAC 4.75 lb/c.y.
(elv 173+) R-9130-L

As foreseen, all the holes froze a couple of hours after being drilled and we had to break the ice inside the
holes prior to loading the explosives. We flrSt tried to use drills to break out the ice; that was very time
consuming and we got stuck in the holes losing bits and steel rods. We solved the problem by injecting
steam from a portable boiler a few hours before loading and it worked really well.

C The Ice Bridge

We had to design an ice bridge able to support over 300 tons of equipment. With the assistance of a
consulting engineer, we set the thickness at 6 1/2' and wrote construction procedures. The construction
started in early January at -5'F during the day and -25'F at night 24 hours a day, the crews were pouring
1/2" thin layers of water until the ice. reached a thickness of 6 In.": We then tested the bridge by measuring
the deflection under a 3oo·ton load and a deflection of I" in 9 hours was measured.

C·DriIIing from an Ice Bridge

The drilling had to take care of the underwater overburden, the sidehill angle, and the ice movement The
drilling pattern for the 6 In." di~meter holes was set at to' x to' with 10' of subgrade. The drilling was
carried out in several steps: .

• The fIrst step was to dig a hole in·the ice using a big utility truck mounted with an hydraulic auger. We
dug a 12" hole when the weather was lOOP or higher and a 16" hole when it was very cold, oOP or lower,
because the holes were closing very fast with new ice.
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• The second step was to put a 10" steel guide pipe (see drawing #5) to th~ overburden or the bare rock.
We handled the pipe with boom trucks and we had several lengths of pipe, from ~1O' to 56', to follow the
rock slope. The top of the pipe was held in a vertical position with wood wedges. Locked in 6' of ice
on top, this pipe was preventing the drill casing from sliding down.

• The third step consisted in positioning the drill and to rim a 7" casing through the'overburdenan~ one
foot in solid rock in order to get a good seal.' " '

• WitJ1, the casing embedded, we drilled a 6 1/2" diameter hole with a down-the-hole hammer (see drawing
~~. "

3'drills were mobilized to work 7 days a week; 20 hours a day. The drills were track mounted and
equipped with a modified acker head capable of over 100,000 inch-lb. torque. The head had a special
connector capable of handling a 7" threaded casing and a 5" API threaded hollow drill sieeL The casing
bits were made on site using eu'tectic weld rod and stainless steel.

The drilling system consisted of a Mission Silverdrill; 6" pressure DTH (down-the-hole) hammer with a 6Y2"
drop centre button bit Compressed air was'supplied by one 1200 CFM and two 800 CFM high pressure
diesel compressors. The pressure at the drill was 250 to 300 psi. Production varied with the weather, the
rock conditions and the angle of the slope;

When we fIrst started, it was like the Russian front It was -15~ and the driiI booms were freezing
instantly from the water lifted by compressed air. Ice mixed with mud built up around the feed chains and
the'mechanical components.

Compounded with the we'ather, we encountered very bad rock conditions in two areas. The rock was, badly
fractured on a steep hill and we had to rim the 7" casing over 8 ft deep in the rock before we found a good
seal We doubled our bit and steel estimates.

D Loading the Marine Portion

• Underwater PVC Pipe System

Once the holes were drilled, we took the hammer out and placed in the 7" diameter casing one of the
three PVe-plastic pipe systems.to link the rock to the surface for the explosive loading operation (see

, drawing # 7). " '

The PVC p'ipe syStem was designed in function of the powder factor, the ice movement and the shear
effect of the ice against the rock plug. In deep sections, for the cushion holes and for the holes along
the wall, we placed a 5" PVC pipe the full length of the hole with a cap at the bottom. The purpose of
the 5" pipe was to reduce the explosive load from'6 112" to 5". In the mid-section where deep water was
encountered over the rockand overburden, we chose a full 6 112" hole of explosive. We then placed a
5" pipe to act as a funnel to load the holes. Three-foot sections of pipe were placed in the 6 112" hole
and a screwed PVC ring prevented the pipe from falling ~ the hole (see drawing #8).
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Drawino No. 8.



To assemble all these plastic pipes, a portable heated shop was set up on the ice bridge. Inside this
. shop, pipes were cut, spliced, assembled, glued and screwed acCording to the instructions given by the 2
full time field engineers who were following the drilling and recording hole depths. They were design
and quality contro} engineers. . . -. .'

In addition to our drill crew, we had a support crew' equipped with 2 boom trucks to assemble and place
all pipes. Boom trucks were used to handle the 10" pipe guide, the 7" casing and the PVC pipes.

• Shear Effect of the. Ice Bridge on Shore

On the' top section, where the ice was against the rock slope, there was a shear effect of the ice bridge
against the PVC pipe due to the reservoir level variatipn. For these holes, we placed a 5" steel pipe
with 3 welded steel rings that wouldpreverit the pipe from falling down the hole. The steel pipe was
then raised to the surfaCe and acted as an ice holder or an ice breaker and protected the holes. In
accordance with the explosives regulations,we had to line the holes with a 4" PVC pipe iriside the 5"
steel.pipe to isolate the explosive from the steel. .

• Ice Bridg~ Motion vs Water Level 'Variation

During the planning, we also designed the top, part of the PVC pipe to allow free movement of the ice
bridge, due to the water level variation and to avoid ice build-Up inside,.the PVC pipe at temperatures of
oOP or less. We decided to place a foa~ insulated 8". pipe on top ofthe 5" pipe, with insulation over the
full thickness of the ice bridge. This syStefi.t acted as a piston where each pipe slides inside each other
(see drawing #9). The insulation prevented the ice build-up inside the pipe and only a 6" ice cap was
formed inside the pipe. Later on, we placed an 8" extension to the system since the water coming'from
.the drills was building up the ice bridge.

D leI Explosives. On-site Gelmaster System
. .

The blast design was made with the assistance.of the Construction and Field Technicaiservices of ItI
Explosives Canada. We first found out that a berm would have to be built along the high wall of the plug
in order to get a maximum swell out of the blast It would facilitate the displacement of our 'Manitowac
4600, 6 cu.yd dragline, over the rituckpile. The SABREX computer blastiilg model proved to be helpful in
predicting the suitable muckpile profile: The berm was built during the dry excavation sequence.

During the early stages of planning, we intended to apply the same product and loading method used at'
Manic 5: a packaged booster sensitive TNT slurry in 5" cartridges. After a ·few brainstorm sessions, it
became obvious that loading over 700 holes and 200 tons of explosives would be a long and exhaustive task
considering the low cartridge loading rate in PVC pipes filled with water; We would also have to: load the
holes as soon as they were· drilled if we wanted to meet the schedule.

This .approach was too risky consideriilg the potential drill deviation or possibility we' would be forced to
cancel the .project due to drilling or weather·problems \vith several holes already ·Ioaded.

334



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

. Drawing No.9.



With the assistance of the Blasting Technology Group and the Laboratory representatives of ICI Explosives
Canada, we decided to use a bulk emulsion explosive doped with TNT. This special made MAGNAFRAC
R-9130-T is an emulsion blended with 30% of TNT (frinitrotoluene). The required product, besides its
bulk nature, had to meet the following criteria:

- pumpable at low temperature
- high water resistance
- withstand high hydrostatic pressure
- not be desensitized by shock pressure from adjacent holes·
- long sleep time under cold environment
- high density (1.45 glee) and weight strength to provide adequate energy and powder factor

The Gelmaster System provided us with on-site mixing and delivery of the required bulk TNT emulsion.
The batch-type mixing process provided the daily requirements and ensured a bulk explosive of consistent
high quality. The Gelmaster unit consists of a rotating mixer bowl mounted on a truck cab and chassis.
The discharge end of the mixer bowl faces a combination of loading and discharge hopper positioned
behind the cab of the truck. The hopper was feeding a Bredel-type pump which transferred the product to
a 2.0" I.D. loading hose at a pumping rate of 400 lb/min. for the 6 1/2" borehole application. The hose is

. mounted on a retractable, mechanized hydraulic boom and reel. All controls are located inside the cab on
a panel besides the driver.

The emulsion matrix needed to manufacture the MAGNAFRAC R-9130-T on-site was transported the
same way as for the repumpable emulsion in 20 t bulk shipments in accordance with the manufacturing and
delivery flow sheet illustrated in drawing #10.

CPlug loading with MAGNAFRAC R·9l30-T

With the 61(2" diameter boreholes and hole depths varying from 13' to over 65', as per drawing # 8, the
drill and load parameters consisted of:

I I Mass Holes I Buffer Holes I Perimeter Holes I
Spacing 10' 6.5' 5' (0 = 4")

Burden 10' 6.5' from wall -
Collar roc;:ksurface rock surface rock surface

. Column load MAGNAFRAC R-9l30-T HYDROMEX M·2l0 HYDROMEX M-2l0 3"
3V2"..

Toe load MAGNAFRAC R-9l30-T* MAGNAFRAC R- MAGNAFRAC R-9130-T
9130-T

• MAGNAFRAC R·9l30·T: Bulk TNT doped emulsion eq>IOsives
HYDROMEX M·2l0: Packaged TST sensitized slUlT)'

The loading was done in the followin~ sequence:
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• We used a stearn boiler to melt the 6" ice cap in the pipes.

• A quality control engineer made sure all the holes were free and at the right depth

• We then lowered one l-lb PENTOMEX booster v.'ith a non-electric detonator NONEL XT Special
detonator and a downline detonating cord to the bottom of the hole. A total of 3 PENTOMEX
boosters were placed all along the column load traced with an upline in case of a discontinuity in the
explosive column or rock shifting (see drawing #11). .

• The explosive was then pumped and tape measured by the quality control engineer. We pulled the
loading hose in and out in order to secure the location of each individual booster. With the truck
mounted mechanical reel, the operation was easy.

The loading of the plug blast started March 23 until April 14 and consisted of:

Borehole Loading Size Pattern Hole Sub-grade Powder Factor
Size Depth (mass holes)

61/2" 6 112" (elv 173) 10' x 10' 66 10' 6.6Ib/c.y.

6112" 6 112" (elv 162-173) to' x 10' 30 10' 8.5 lb/c.y.

6112" PVC 5" (elv 156-161) 10' x 10' 26 10' 9.1 lb/c.y.

The overa.!. powder factor is estimated at 6.4 ib/c.y. for the 6Vz inch and 4 inch holes.

CFinal Hook-up, Firing, High Speed Film

The in-the-hole delays used were a non-standard NONEL EXADET Special. They have a nominal firing
time of 1250 IDS with a coefficient of variation (c.v.) of less than 1% custom made by ICI Explosives and
CXA Ltd. in 20' (6m), 39' (12m) and 65' (20m) lengths for 'this marine plug blast. The same superior
accuracy apply to the surface 25 and 50 IDS Special connectors.

In order to·obtain a .maximurn swell without pulling all the rock upstream, we chose to create a central
opening and then piled up the blast in this cut with a row by row sequence on each side towards the bank
(see drawing #12). On the left side, we had 24 rows and over 30 rows on the right side, with a small
corner slash. The cut was located where the buffer was minimum in order to create an opening as fast as
possible with a maximum of 7,700 lb./delay. The contract called for a maximum of 660 lb/delay, but with
the 1989 VIbration recordings made at Manic 5 and other studies conducted by the ICI Blasting Physics
Group, we were allowed to raise the load per delay.

, .

Timing was as you can suspect very critical and several hours were spent calculating the charge per
individual hole, the charge per delay and plan the appropriate surface hook-up with safety lines using 48
gr./ft Reinforced PRlMACORD. The surface events were completed for 95% of the holes before the first
hole fired. Only the slash portion was initiated milliseconds after the first hole detonation.

A high speed LOCAM camera positioned 3,000' away and 250' above the blast confirmed the expected
blasting sequence and completion of the 30th row surface initiation with the beginning of ejection at 1480
ms.
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Tying up the blast was done in the last 72 hours. Crews worked around the clock the last day with an
exceptional amount of interest in getting the job done for the Easter week-end. The set date was April 14,
two days later than the oi"iginal12th of April planned on December 15. The ICI Explosives people gave us
excellent field support during those days, tying and checking and double checking every detail up to the
very last minute.

On April 14th, at 6: 15 p.m., nobody felt the pain of working 8 weeks, 7 days a week under arctic weather.
During 3 long seconds, 716 holes were initiated, row by row, with the fife dancing over the ice bridge until
it hit the last row. Then, 71,000 c.y. of rock and over 10,000 c.y. of ice were lifted off the ground more
than 200' in the air.

• The Result

The weeks following the blast were spent hauling 25,000 c.y. of small size rock used to build an access over the
swollen rock. Once completed, the Manitowac 4600 dragline, series 4, equipped with a 6 c.y. heavy duty Esco drag
bucket and a' 5 c.y. clamshell bucket to dig along the walls was placed on this fmger. The blast results proved to be
as good as expected. Even if the bottom 4' were more difficult to dig, the final grade was reached over 99,5
percent of the total area. We encountered a few big boulders and the best way to get rid of them was to lower and
detonate a case of TNT slurry explosives underwater. Our biggest excavation problem came from the frozen
bottom in the area of the berm: The containment berm was built and flooded during the month of March at -15°F
and even after 3 months the underwater shot rock was frozen solid. As expected, the use of a dragline was three
times more productive than using a clamshell bucket
• Conclusion

We used the word planning quite a bit during this presentation, because without planning it, we would not have
succeeded. The LG-2A marine work was the perfect stage to test our ability in planning and executing a very risky
job. We tried to foresee all possible problems and ideas came from every brain associated with the project It was
the perfect testing ground for our P/Q and safety programs and for putting our engineering skills to their full value.

This was one of three plugs to be blasted at LG-2A, and with the experience gained from this project, we look at
the future with confidence.

• Acknowledgement

The author wishes to express his appreciation to ~Societe d'energie de la Baie James~ (James Bay Energy Corporation)
. for their permission to publish this paper, and the ICI Group who participated in the execution of the project.

341



342



-
-
-
-
~
-
-
-
-
-
-
-
-
-
-
-
-
-

.1
W

E
N

T
Y

-F
O

U
R

T
H

A
N

N
U

A
L

D
R

E
D

G
IN

G
S

E
M

IN
A

R
A

N
D

W
E

D
A

X
II

D
un

es
H

ot
el

,L
as

V
eg

as
,

N
ev

ad
a

M
ay

15
-1

7,
19

91

A
T

T
E

N
D

A
N

C
E

L
IS

T

HA
MB

SP
OU

SB
CO

MP
AN

Y
AD

DR
BS

S
CI

TY
ST

AT
E/

ZI
P

CO
UN

TR
Y

An
de

rse
n,

Sc
ot

t
Ro

ss
Is

la
nd

Sa
nd

&
G

ra
ve

l
Co

.
43

15
S.

B.
M

cL
ou

gh
lin

Bl
vd

.
Po

rtl
an

d
OR

97
20

2
US

A
Ba

rro
ws

,
Da

vid
B.

W
oo

dw
ard

-C
lyd

e·
C

on
su

lta
nt

s
11

1
S.W

.
Co

lu
m

bi
a,

Su
ite

99
0

Po
rtl

an
d

OR
97

20
1

US
A

.B
ea

ch
,

Da
vid

Co
rp

s
of

·E
ng

in
ee

rs
P.

O.
Bo

x
29

46
.P

or
tla

nd
OR

91
20

8
US

A
Bo

we
n.

Jim
EN

SR
Co

ns
ul

tin
g

&
En

gi
ne

er
in

g
35

Na
go

g
Pa

rk
Ac

ton
MA

01
72

0
US

A
Bo

we
s,

St
ev

e
Li

z
M

ob
ile

Pu
lle

y
&

M
ac

hin
e

Wo
~k
s

P.
O.

Bo
x

19
41

M
ob

ile
AL

36
63

3
US

A
Br

ee
rv

oo
d.

Gr
eg

Co
rp

s
of

Bn
gi

ne
er

s
P.

O.
Bo

x
60

26
7

Ne
w

O
rle

an
s

LA
70

16
0

US
A

.B
uc

ha
na

n.
La

rry
Tr

im
bl

e
N

av
ig

at
io

n·
64

5
N.

M
ary

Av
en

ue
Su

nn
yv

ale
CA

94
08

6
US

A
Ca

bl
e.

Ca
rl

Je
an

'
Co

rp
s

·of
Bn

gi
ne

er
s

53
65

.S
ou

th
Cl

ar
k

St
re

et
.

Ch
ica

go
IL

60
60

5
US

A
C

al
pb

el
l,

Bo
b

Co
rp

s
of

Bn
gi

ne
er

s
5

M
ea

do
wg

ate
C

irc
le

G
ar

th
er

sb
ur

g
NJ

20
87

7
US

A
w

Ca
re

y,
Jo

hn
P.

•A
lab

am
a

St
at

e
Do

ck
s

P.
O.

Bo
x

15
88

M
ob

ile
AL

·
36

63
3

US
A

~ w
Cr

os
s,

Le
s

Ja
ve

Je
r

C
on

str
uc

tio
n

Co
.

P.
O.

Bo
x

13
37

0
Ne

w
Ib

er
ia

LA
70

56
2

US
A

C
ut

ts
.

Da
ve

RA
CA

L
Su

rv
ey

36
24

W
es

tch
as

e
Dr

iv
e

Ho
us

ton
TX

77
04

2
US

A
D

ale
n,

To
n

Co
rin

na
W

er
ite

x
B.

V.
P.

O.
Bo

x
27

Bl
oe

m
en

da
al

20
60

AA
NE

TH
ER

LA
ND

S
Da

ss
o.

M
ark

Co
rp

s
of

Bn
gi

ne
er

s
P.

O.
Bo

x
29

46
Po

rtl
an

d
OR

97
20

8
US

A
De

Vo
s,

A
lo

is
Co

rp
s

of
Bn

gi
ne

er
s

Ro
ck

Is
la

nd
D

is
tri

ct
Ro

ck
Is

la
nd

IL
61

20
4

US
A

De
an

.
Ji

l
Do

ro
th

y
A

qu
ati

cs
U

nl
im

ite
d

21
50

Pr
an

kl
in

Ca
ny

on
Ro

ad
M

ar
tin

ez
CA

94
55

3
US

A
D

en
ni

s,
Jo

hn
K.

G
eo

rg
ia

Iro
n

W
ork

s
50

00
W

rig
ht

sb
or

o
Ro

ad
Gr

ov
eto

wn
GA

30
81

3
US

A
D

ick
er

so
n,

De
na

Co
rD

s
of

En
gi

ne
er

s
39

09
H

al
ls

Pe
rry

.R
oa

d
Vi

ck
sb

ur
g

MS
39

18
0

US
A

D
re

es
se

n.
Di

an
e

Ka
ns

on
Co

ns
t.

&
Bn

Qr
.
C
o
~

P.
O.

Bo
x

24
06

7
Se

at
tle

WA
98

12
4

US
A

Bl
w

el
l.

To
m

Sa
nd

i
W

as
hin

gto
n

St
at

e
Bc

olo
gy

De
pt

.
M

ail
St

op
PV

-ll
Ol

ym
pia

WA
98

50
4

US
A

Bn
gl

er
,

Bo
b

Co
rp

s
of

Bn
gi

ne
er

s
39

09
H

all
s

Fe
rry

.R
oa

d
V

ick
sb

ur
g

MS
39

18
0

US
A

Pa
ir

n,
Co

lin
.

Po
lly

C.
B.

Pa
irn

&
A

ss
oc

ia
te

s.
In

c.
.1

8
G

re
en

ga
te

Ro
ad

Do
n

K
ill

s
O

nt
ar

io
"3D

1E
8

CA
NA

DA
Pa

rle
ss

,
Ja

ck
E•

.
Co

rp
s

of
Bn

gi
ne

er
s

21
1

Ka
in

St
re

et
Sa

n
Fr

an
ci

sc
o

CA
94

10
5

US
A

Pi
el

la
nd

,
Ca

rl
E•

.
Ta

mp
a

Po
rt

A
ut

ho
rit

y
P.

O.
Bo

x
21

92
Ta

up
a

PL
33

60
1

US
A

Po
rt.

Ro
y

Tr
im

bl
e

N
av

ig
ati

on
64

5
N.

Ka
ry

Av
e.

Su
nn

yv
ale

CA
94

08
6

US
A

Po
w

ler
.

Ja
ck

Co
rp

s
of

En
gi

ne
er

s
39

09
H

all
s

Pe
rry

Ro
ad

Vi
ck

sb
ur

g
MS

39
18

0
US

A
Pr

an
ci

nq
ue

s.
No

rm
an

Co
rp

s
of

En
gi

ne
er

s
39

09
H

all
s

Fe
rry

Ro
ad

V
i
c
k
~
b
u
r
g

MS
J9

l8
0

US
A

Pr
at

t,
Jo

bn
.P

or
t

of
Ka

lam
a

P.
O.

Do
x

70
Ka

lam
a

WA
98

62
5

US
A

Pr
ed

et
te

,
TO

l
Co

rp
s

of
En

gi
ne

er
s·

42
4

Tr
ap

elo
Ro

ad
W

alt
ha

m
HA

02
25

4
US

A
Pr

ie
de

nv
al

d;
Bo

b
Po

rt
of

Po
rtl

an
d

P.
O.

Bo
x

35
29

Po
rtl

an
d

OR
97

20
8

US
A



A
'IT

E
N

D
A

N
C

E
L

IS
T

(C
on

ti
nu

ed
)

NA
KE

SP
OU

SB
CO

KP
AN

Y
AD

DR
BS

S
CI

TY
ST

AT
E/Z

IP
CO

UN
TR

Y

Pr
os

t,
B

ill
Su

sa
n

Pr
as

er
Ri

ve
r

P
il

e'
Dr

ed
ge

~t
d.

14
43

1
Ri

ve
r

Ro
ad

Va
nc

ou
ve

r
B.

C.
V6

V
IL

6
CA

NA
DA

Pu
gl

ev
an

d,
Pa

u1
D

alt
on

,'
O

lis
te

d
,

Pu
g1

ev
an

d,
In

c.
19

01
7

-
12

0th
Av

en
ue

H
.E

.,
11

07
Bo

th
el

l
VA

98
01

1
US

A
G

er
sc

h,
B.

C.
'B

ar
ba

ra
Te

xa
s

St
at

e
De

pt
.

Bw
ys

,
Tr

an
sp

.
P.O

.
Bo

x
50

51
Au

sti
n

TI
78

76
3

US
A

G
od

sil
l.

Pa
ul

Ro
ss

Is
la

nd
Sa

nd
,

Gr
av

el
Co

.
43

15
S.

B.
,M

cL
ou

gh
lin

Bl
vd

.
Po

rtl
an

d
OR

97
20

2
US

A
Go

etz
,

B
ill

A
lic

e
Re

tir
ed

,21
54

Th
er

es
a

St
re

et
St

.
Pa

uI
HN

55
12

0
US

A,
G

ol
ds

to
n,

Ji
llY

El
ea

no
r

Go
ld

sto
n

En
gi

ne
er

in
g,

In
c.

21
0

~
o
r
r
a
i
n
e

Dr
iv

e
Co

rp
us

C
hr

is
ti

TX
78

41
1

US
A

G
ol

ds
to

n,
Vi

11
iam

Go
ld

sto
n,

En
gi

ne
er

in
g,

In
c.

47
01

Ay
ers

,
Su

ite
60

0-
10

Co
rp

us
C

hr
is

ti
TI

18
41

5
US

A
,G

ren
;

G
ail

Ka
ren

Re
tir

ed
IC

on
su

lti
ng

)
71

12
Sa

lam
an

ca
Av

en
ue

Ja
ck

so
nv

ill
e

PL
32

21
7

US
A

B
ai

rs
to

n,
Ha

nn
on

M
ary

M
ob

ile
Pu

lle
y'

Ha
ch

ine
Vo

rks
P.O

.
Bo

x
19

41
Ho

bi
le

AL
36

63
3

US
A

Ba
ke

nj
os

,
Ca

rl
An

na
V.

S.
N

el
so

n'
Co

••
In

c.
12

00
St

.
Ch

ar
les

Av
en

ue
Ne

w
O

rle
an

s
LA

10
13

0
US

A
Ha

mb
ur

ge
r;

Pe
te

r
In

t.
As

so
c.

of
Dr

ed
gin

g
CO

lpa
nie

s
Du

inw
eg

21
Th

e
Ha

gu
e

25
85

J.V
.

NE
TH

ER
LA

ND
S

Ba
nc

oc
k,

Da
ni

l
Po

rt
of

Po
rtl

an
d'

P.O
.

Bo
x

35
29

Po
rtl

an
d

OR
97

20
8

US
A

w
Ba

nd
s,'

Ed
Bi

ld
a

Co
rp

s
of

En
gi

ne
er

s
39

09
Ra

lls
Pe

rry
Ro

ad
Vi

ck
sb

ur
g

HS
39

18
0

US
A

~ ~
,B

ar
tla

nn
.

Jo
hn

R.
Co

rD
S

of
Bn

gi
ne

er
s

21
06

Se
af

or
d

Av
en

ue
Se

af
or

d
NY

11
78

3
US

A
Ba

rtm
an

,
Gr

eg
Ha

rtm
an

A
ss

oc
ia

te
s,

In
c.

81
0

Th
ird

Av
e,

Su
ite

14
08

Se
at

tle
VA

98
10

4
US

A
Ba

ze
n"

Pr
an

k
Ba

ze
n

Ti
de

Ga
ug

e
In

t.
22

0
Ta

co
ma

Av
en

ue
So

uth
Ta

co
ma

IIA
98

40
2

US
A

B
ei

ne
un

,
Ro

lf
RP

B
En

gi
ne

er
in

g
39

61
S.

II.
Se

ym
ou

r
Co

ur
t

Po
rtl

an
d

OR
97

22
1

US
A

Be
rb

ich
,

Jo
hn

Po
lly

Te
xa

s
A'H

U
ni

ve
rs

ity
Ce

nt
er

fo
r

Dr
ed

gin
g

St
ud

ie
s

Co
lle

ge
St

a.
TI

17
84

3
US

A
'

Bo
1e

ka
llp

,
Ma

ck
D

elt
a

D
re

dg
e'

PU
lP

Co
rp

or
ati

on
34

4
Gr

ay
Av

en
ue

St
.

Lo
uis

'HO
63

11
9

US
A

Bo
lla

nd
,

Cr
aig

Ba
rt'

Cr
ow

se
r,

In
c.

35
3

Sa
cr

al
en

to
St

re
et

.
11

14
0

Sa
n

Pr
an

ci
sc

o
CA

94
11

1
US

A
Bo

pu
n,

Bo
b

Co
rp

s
of

En
gi

ne
er

s
P.O

.
Bo

x
28

70
Po

rtl
an

d
OR

97
20

8
US

A
H

ul
l,

Pa
ul

C
ris

af
ul

li
C

ris
af

ul
li

Dr
ive

Gl
en

di
ve

HT
59

33
0

US
A

B
ul

l,
W

ill
ia

l
S.

Al
len

e
At

ki
ns

on
Dr

ed
gin

g
Co

.
26

15
Ba

sin
Ro

ad
,

P.O
.

Bo
x

15
28

4
Ch

es
ap

ea
ke

VA
23

32
8

US
A

Bu
ss

in
,

Da
n

Te
rry

Gr
ea

t
La

ke
s

Dr
ed

ge
'D

oc
k

Co
.

'92
18

Cy
pr

es
s

Gr
ee

n
Dr

ive
Ja

ck
so

nv
ill

e
PL

32
25

6
US

A
Ja

co
bs

,
Ge

of
f

Tr
ilb

le
N

av
ig

ati
on

64
5

N.
Ha

ry
Av

en
ue

Su
nn

yv
ale

CA
94

08
6

US
A

Je
nk

in
s,

Ch
ar

les
Ri

ta
Th

e
Do

w
C

he
lic

al
Co

.
OC

-70
8

Pr
ee

po
rt

TI
17

54
1

US
A

Jo
hn

so
n,

Br
ic

~
a
u
r
a

W
as

hin
gto

n
Pu

bl
ic

Po
rts

As
so

c.
P.O

.
Bo

x
15

18
Ol

Yl
ipi

a
IIA

98
50

7
US

A
Jo

hn
so

n,
Pe

g
Og

de
n

Be
ela

n
&

A
ss

oc
ia

te
s

13
10

S.
II.

4t
h,

Su
ite

11
00

Po
rtl

an
d

OR
97

20
4

US
A

Jo
ne

s,
Je

nn
ife

r
Co

rp
s

of
En

gi
ne

er
s

P.O
.

Bo
x

28
10

Po
rtl

an
d

OR
97

20
8

US
A

Jo
rd

an
,

Wa
de

B.
Re

nte
c

In
te

rn
at

io
na

l,
In

c.
19

42
4

Pa
rk

Ro
w,

Su
ite

10
0

Ho
us

ton
TI

77
08

4
US

A
Ju

hn
ke

,
~
e
o
n
a
r
d

Ha
ns

on
Co

ns
t.

,
En

gr
.

Co
.

P.O
.

Bo
x

24
06

7
Se

at
tle

VA
98

12
4

US
A

K
ar

au
n,

Ja
se

en
Bu

da
Co

rp
s

of
Bn

gi
ne

er
s

21
1

Ha
in

St
re

et
Sa

n
Pr

an
cis

co
CA

94
10

5
US

A
Ka

ra
s,

Jo
hn

'G
re

at
~
a
k
e
s

D
re

dg
e'

Do
ck

Co
.

21
00

El
ba

rc
ad

er
o,

Su
ite

20
5

Oa
kla

nd
CA

94
60

6
US

A
Kn

uc
ke

y,
Da

vid
K~

Be
tty

e
Po

rt
of

Pr
ee

po
rt

10
01

Pi
ne

St
re

et
Pr

ee
po

rt
TI

77
54

1
US

A



--
- -

--
-_. -

- -
--

--
- -

-
A

T
IE

N
D

A
N

C
E

L
IS

T
(C

on
ti

nu
ed

)

IAM
B

SP
OU

SE
CO

MP
AIY

AD
DR

ES
S

CI
TY

ST
AT

UZ
IP

C
O
U
n
T
~
Y

La
nd

in
.

Ha
ry

Co
rp

s
of

En
gi

ne
er

s
P.O

.
Bo

x
63

1
Vi

ck
sb

ur
g

HS
39

18
0

US
A

La
ng

an
,

Pa
t

Co
rp

s
of

En
gi

ne
er

s
P.

O.
Bo

x
22

88
Ho

bi
le

AL
36

60
8

US
A

La
llt

on
,

B
ill

Oc
ea

no
In

str
um

en
ts,

US
A

12
73

7
~

28
th

Av
en

ue
N.

E.
Se

at
tle

ifA
98

12
5

US
A

Le
fe

bu
re

,
Pr

an
co

is
K

ie
lli

t
43

33
Gr

an
de

.A
lle

e
Bo

isb
ria

nd
'J7

E
4B

S
CA

NA
DA

Lo
fg

re
n.

Bo
b

lIs
e

Lo
ne

y
ife

ste
rn

Pa
ci

fic
Dr

ed
gin

g
P.O

.
Bo

x
33

20
Po

rtl
an

d
OR

97
20

8
US

A
Lo

gu
e.

Lo
ui

s
Co

rp
s

of
En

gi
ne

er
s

·P
.O

.
Bo

x
60

Vi
ck

sb
ur

g
HS

39
18

0
US

A
lIa

cD
on

ald
.

To
ny

UP
A

10
10

Do
ve

St
re

et
A

lex
an

dr
ia

VA
22

31
4

US
A

lIa
cL

eo
d,

Jo
hn

KA
CA

L
Su

rv
ey

36
24

lIe
stc

ha
se

Dr
iv

e
Ho

us
ton

TX
77

04
2

US
A

Hc
Do

nn
ell

,
TO

il
Co

rp
s

of
En

gi
ne

er
s

83
Cl

ar
k

Av
en

ue
Cl

ov
er

da
le

CA
95

42
5

US
A

IIc
Pa

rl
an

e,
Ga

ry
Jo

yc
e

Ha
r-L

an
d

En
gi

ne
er

in
g

Lt
d.

21
Al

be
r

St
re

et
.

Su
ite

B
Ha

rkh
am

O
nt

ar
io

L3
R

4Z
3

CA
NA

DA
Hc

Ha
ck

en
,

Do
n

Po
rt

of
Po

rtl
an

d
P.

O.
Bo

x
35

29
Po

rtl
an

d
OR

97
20

8
US

A
IIc

Ra
ir.

Cl
ar

k
Co

rp
s

of
En

gi
ne

er
s

39
09

B
al

ls
Pe

rry
Ro

ad
Vi

ck
sb

ur
g

HS
.3

91
80

'U
SA

H
ils

te
ad

,
AI

Pa
ci

fic
As

h
De

ve
loP

lL
en

t
Lt

d.
P.O

.
Bo

x
18

68
Si

lv
er

da
le

ifA
98

38
3

US
A

1I
0r

ga
n,

C.
Ri

ck
Co

rp
s

of
En

gi
ne

er
s

.P
.O

.
Bo

x
59

Lo
ui

sv
ill

e
KY

40
20

1
US

A
Hu

rd
en

,
B

ill
.

D
ot

tie
Hu

rd
en

·H
ar

in
e

Lt
d.

76
04

Ri
dg

ec
re

st
Dr

iv
e

A
lex

an
dr

ia
VA

22
30

8
US

A
Oc

bs
,

.G
ord

on
V

ick
ie

In
du

st
ria

l
Pl

as
tic

s,
In

c.
74

0
So

uth
28

th
St

re
et

ifa
sh

ou
ga

l
ifA

98
67

1
US

A
OU

lle
rk

erk
,

Ru
ud

Dr
ed

ge
Te

ch
no

lo
gy

Co
rp

or
ati

on
63

0
Go

dw
in

Av
e.,

Su
ite

63
0

Hi
dl

an
d

Pa
rk

NJ
07

43
2

US
A

w
Pa

ge
nd

an
,

B
ill

Tr
ac

y
G

re
at

La
ke

s
Dr

ed
ge

&
Do

ck
Co

.
21

22
Yo

rk
Ro

ad
Oa

kb
ro

ok
IL

60
52

1
US

A
~ U

1
Pa

le
no

,
Hi

ke
Co

rp
s

of
En

gi
ne

er
s

39
09

H
al

ls
Pe

rry
Ro

ad
Vi

ck
sb

ur
g

HS
39

18
0

US
A

Pa
rry

.
Bo

b
Co

rp
s

of
En

gi
ne

er
s

P.
O.

Bo
x

C-
37

55
Se

at
tle

IIA
98

12
4

US
A

Pa
te

lla
,

La
rry

Na
nc

y.
.

Po
rt

of
Po

rtl
an

d
P.

O.
Bo

x
35

29
Po

rtl
an

d.
OR

97
20

8
US

A
Pa

tin
,

TO
l

Co
rp

s
of

En
gi

ne
er

s
39

09
H

al
ls

Pe
rry

Ro
ad

Vi
ck

sb
ur

g
HS

39
18

0
US

A
Pe

ch
ko

.
Pa

tri
ci

a
Co

rp
s

of
En

gi
ne

er
s

26
Pe

de
ra

l
Pl

az
a

Ne
w

Yo
rk

NY
10

27
8

US
A

Pe
rk

in
s,

St
ev

e
Co

rp
s

of
En

gi
ne

er
s

P.
O.

Bo
x

29
46

.
,P

or
tla

nd
OR

97
20

8
US

A
PO

lle
rs,

Ju
di

th
In

te
rn

at
io

na
l'

Dr
ed

gin
g

Re
vie

ll
P.

O.
Bo

x
85

38
.P

or
t

C
ol

lin
s.

CO
80

52
4

US
A

Pr
ic

ke
tt.

Te
rri

.
Co

rp
s

of
En

gi
ne

er
s

39
09

H
al

ls
~
e
r
r
y

Ro
ad

Vi
ck

sb
ur

g
HS

39
18

0
US

A
Qu

in
n,

Pa
ul

H
ob

ile
Pu

lle
y

&
Ha

ch
ine

ifo
rk

s
P.

O.
Bo

x
19

47
Ho

bi
le

AL
36

63
3

US
A

R
ed

lin
ge

r,
Ja

ke
Co

rp
s

of
En

gi
ne

er
s

P.
O.

Bo
x

28
70

Po
rtl

an
d

OR
97

20
8

US
A

Ri
cb

ar
ds

on
,

Ho
rt

He
lda

1I
0r

id
D

re
dg

in
g/

H
in

in
g

&
Co

ns
t.

17
95

1
Sk

yp
ark

C
irc

le
,

Su
ite

C
Irv

in
e

CA
92

71
4

US
A

Ri
cb

ar
ds

on
,

St
ev

e
.

lIo
rld

D
re

dg
in

g/
H

in
in

g
&

Co
ns

t.
17

95
1

Sk
yp

ark
C

irc
le

.
Su

ite
C

Irv
in

e
CA

92
71

4
US

A
R

ie
l.

Ha
rk

lie
st

er
n

Pa
ci

fic
'D

red
gin

g
45

55
N.

Ch
an

ne
l

Av
en

ue
Po

rtl
an

d
OR

97
20

8
US

A
Ri

sh
,

H
ar

len
e

G
re

at
La

ke
s

Dr
ed

ge
&

Do
ck

Co
.

21
00

El
lb

ar
ca

de
ro

.
Su

ite
20

5
Oa

kla
nd

CA
94

60
6

US
A

Ri
sk

o.
To

ny
Co

rp
s

of
En

gi
ne

er
s

P.
O.

Bo
x

27
11

Lo
s

An
ge

les
CA

90
05

3
US

A
Ro

be
rs,

Cb
uc

k
.H

ar
ik

ay
e

Ro
be

ts
Dr

ed
ge

,.
In

c.
P.

O.
Bo

x
48

4
La

Cr
os

se
III

54
60

2
US

A
Ro

bi
ns

on
,

Da
vid

He
c

A
na

ly
tic

al
Sy

ste
m

s,
In

c.
24

33
Ill

pa
ia

Dr
iv

e
Ca

rls
ba

d
CA

92
00

8
US

A
R

os
se

tti
,

Do
n

Je
an

ni
ne

C
ar

tie
r

C
o
n
s
t
r
u
c
~
i
o
n
.
-
I
n
c
.

29
G

er
va

is
Dr

iv
e

Do
n

H
ill

s
ON

TA
RIO

H3
C

lY
9

CA
NA

DA
Ro

ug
ea

u.
AI

Jo
hn

B.
Ch

an
ce

&
A

ss
oc

ia
te

s
20

0
D

ul
les

Dr
ive

La
fa

ye
tte

.
LA

70
50

6
US

A
Sa

nd
au

.
Do

n
lIi

na
Le

e
D.

II.
Sa

nd
au

Dr
ed

gi
ng

67
7

-
78

th
Av

en
ue

N.
E.

Sa
lel

l
OR

97
30

1
US

A



A
T

T
E

N
D

A
N

C
E

L
IS

T
(C

on
ti

nu
ed

)

/fA
NB

SP
OU

SB
CO

NP
AN

Y
AD

DR
BS

S
CI

TY
ST

AT
BI

ZI
P

CO
UN

TR
Y

Sa
nd

er
s,

C
ar

ol
,

H.
W

oo
dw

ard
-C

lyd
e

Co
ns

ul
ta

nt
s

90
0

4t
h

Av
en

ue
,

34
40

Ba
nk

of
CA

Se
at

tle
WA

98
16

4
US

A
Sa

va
ge

,
Bu

bb
a

St
ep

ba
ni

e
No

bi
le

Pu
ll

ey
'

Ka
cb

ine
W

ork
s

P.O
.

Bo
x

19
41

Ko
bi

le
AL

36
63

3
US

A
Sc

hl
itZ

,
Ra

y
Sh

ei
la

Co
rp

s
of

En
gi

ne
er

s
P.O

.
Bo

x
C-

31
55

Se
at

tie
VA

98
12

4
US

A
Sc

bo
rr,

He
nr

y
R.

,
JR

.
Gu

lf
Co

as
t

Tr
ai

lin
g

Co
.

P.
O.

Bo
x

10
Ke

nn
er

LA
10

06
3

US
A

Sc
ot

t,
St

ev
e

Co
rp

s
of

Bn
gi

ne
er

s
39

09
H

all
s

Fe
rry

Ro
ad

Vi
ck

sb
ur

g
HS

39
18

0
US

A
Se

ag
re

n,
Br

ie
H.

Hu
d

Ca
t

D
iv

.-E
11

ic
ot

t
Ha

ch
.

11
90

1
O

liv
e

Bo
ul

ev
ar

d
St

.
Lo

uis
HO

63
14

1
US

A
Se

tto
on

,
C

ha
rli

e
Co

rp
s

of
En

gi
ne

er
s

P.
O.

Bo
x

60
26

1
Ne

w
O

rle
an

s
LA

10
16

0
US

A
Sk

ar
be

k,
Ha

rk
Co

rp
s

of
En

gi
ne

er
s

40
0

W
est

Ba
y

St
re

et
Ja

ck
so

nv
il

Ie
FL

32
23

2
US

A
Sp

al
lu

to
,

Le
on

ard
Po

rt
of

Ne
w

O
rle

an
s

N
o.

2,
Ca

na
l

St
re

et
Ne

w
O

rle
an

s
LA

10
16

0
US

A
Sp

ig
ol

on
,

Jo
e

"S
JS

Co
rp

or
ati

on
10

30
Fe

nw
ick

St
re

et
Co

os
Ba

y
OR

91
42

0
US

A
SU

le
ri,

Al
ex

Co
rp

s
of

En
gi

ne
er

s
P.O

.
Bo

x
C-

31
55

Se
at

tle
VA

98
12

4
US

A
w

Ta
gg

atz
,

Ha
ro

ld
Co

rp
s

of
Bn

gi
ne

er
s

U.
S.

Po
st

O
ffi

ce
/C

us
to

ls
St

.
Pa

ul
HN

55
10

1
US

A
1

1
l

Ta
yl

or
,

An
dI

Do
nn

a
"

Be
an

Dr
ed

gin
g

Co
rp

or
at

io
n

61
9

En
gi

ne
er

s
Ro

ad
Be

lIe
Ch

as
se

"L
A

10
03

1
US

A
0

\
Th

or
nt

on
,

Jil
l

EH
SR

Co
ns

ul
tin

g
,

En
gi

ne
er

in
g

14
11

5
H.

E.
95

th
St

re
et

Re
dm

on
d

WA
98

05
2

US
A

T
ill

la
n,

Ru
ss

Co
rp

s
of

En
gi

ne
er

s
39

09
H

al
ls

Pe
rry

Ro
ad

Vi
ck

sb
ur

g
KS

39
18

0
US

A
Tr

al
lle

,
Hi

ke
Co

rp
s

of
Bn

gi
ne

er
s

P.
O.

Bo
x

63
1

Vi
ck

sb
ur

g
HS

39
18

0
US

A
To

rn
er

,
Th

ol
as

"
Tu

rn
er

Co
ns

ul
tin

g
14

59
Ba

y
Po

in
t

Dr
iv

e
Sa

ra
so

ta
PL

"3
42

36
US

A
Ur

ab
ec

k,
Fr

an
k

J.
Co

rp
s

of
En

gi
ne

er
s

P.O
.

Bo
x

C-
37

55
Se

at
tle

WA
98

12
4

US
A

V
al

er
a,

Ju
an

_.
..1

ua
Pu

er
to

s
He

xic
an

os
"

M
un

ici
pi

o
Li

br
e

37
1

M
ex

ico
D.

F.
ME

XIC
O

Vo
gt,

Cr
aig

En
vi

ro
nl

en
ta

l
Pr

ot
ec

tio
n

Ag
en

cy
40

1
"M

"
St

re
et

SW
,

VH
55

6F
W

as
bin

gto
n

D.
C.

20
46

0
US

A
W

ike
aa

n,
TO

l
£o

rp
s

of
En

gi
ne

er
s

21
1

Ha
in

St
re

et
Sa

n
Fr

an
ci

sc
o

CA
94

10
5

US
A'

W
att

s,
Ge

or
ge

Su
za

nn
e

V
es

ter
n

Dr
ed

gin
g

A
ss

so
ci

at
io

n
10

30
6

Ea
ton

Pl
ac

e,
Su

ite
34

0
Fa

irf
ax

VA
22

03
0

US
A

W
ett

a,
Ro

be
rt

Th
e

C
ut

te
r's

Ed
ge

,
In

c.
P.O

.
Bo

x
11

6
La

pl
ac

e
LA

10
06

9
US

A
V

et
ta

;T
bo

las
J.

,
II

I
A

lin
e

Dr
ed

gi
ng

Su
pp

ly
Co

.
10

1
Pe

te
rs

Ro
ad

Ha
rv

ey
LA

70
05

8
US

A
V

et
ta

,
V

ill
ia

ll
J.

,
II

Dr
ed

gi
ng

Su
pp

ly
Co

.
10

1
Pe

te
rs

Ro
ad

Ha
rv

ey
LA

10
05

8
US

A

lI
ill

ia
l9

,
Da

vid
"V

es
t

Co
ns

ul
ta

nt
s

21
11

Pa
10

lla
r

A
irp

or
t

Ro
ad
~

11
80

Ca
rls

ba
d

CA
92

00
9

US
A

W
ill

s,
Ro

n
M

ar
ily

n
Co

rp
s

of
En

gi
ne

er
s

63
0

Sa
ns

om
e

St
re

et
Sa

n
Pr

an
d

sc
o

CA
94

11
1

US
A

V
itt

ko
p,

Di
ck

Po
rt

of
Lo

s
An

ge
les

42
5

S.
Pa

10
s'V

er
de

s
St

re
et

Sa
n

Pe
dr

o
CA

90
13

1
US

A
W

oo
dw

ard
,

W
oo

dy
Th

e
Do

w
C

he
lic

al
Co

.
OC

-1
08

Fr
ee

po
rt

TX
11

54
1

US
A

V
rig

ht
,

Th
ol

as
J.

Pe
gg

y
At

ki
ns

on
Dr

ed
gin

g
Co

.
26

15
Ba

sin
Ro

ad
,

P.O
.

Bo
x

15
28

4
Ch

es
aQ

ea
ke

VA
23

32
8

US
A

IIr
ig

ht
.

TO
l

G
re

tch
en

Co
rp

s
of

En
gi

ne
er

s
39

09
H

all
s

Pe
rry

Ro
ad

Vi
ck

sb
ur

g
MS

39
18

0
US

A


