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STABILITY AND FATE OF DREDGED SEDIMENT
1

2
by H. 3. Bokuniewicz

ABSTRACT

Nopper dredges often remove fine-grained sediment from navigation

channels and release this material at disposal sites into ~ster about

3
20 m deep. Such operations involving dredges with a capacity of 703 m

were studied at two locations in the Great Lakes. The bulk density of

3
the material in the hoppers was 1.3 Mgm/m . The dredged material

behaved as a fluid and, when the hopper doors were opened, it was

driven out by the excess pressure head at speeds up to 4 m/sec. Almost

all of the sediment released is deposited from a thin, radially spread-

ing, bottom surge in a ring between 50 and 160 m from the point of

impact with the lake floor. The layer formed by a single discharge has

a thickness of about 3 mm. The minimum radius of a deposit that is

formed by sedimentation from turbidity currents is determined by the

range of the surge  <300 m! and the deposit cannot have side slopes

greater than 0.05. These conditions control the capacity of a desig-

nated disposal area. The surface layer of the deposit is in contact

with the overlying water and may be dispersed. The thickness of this

layer depends upon the depth of resuspension or bioturbation. In

coastal waters of the northeastern U.S., resuspension of the top few

millimeters of sediment is typical, and bioturbation. may mix sediment

to a depth of about O.l m. U~der these conditions, dredged sediment

1 Contribution number 228 of the Marine Sciences Research Center, State
University of New York at Stony Brook, New York.

2
Marine Sciences Research Center, State University of New York, Stony
Brook, New York 11794.



3in a deposit containing less than 10 m will be almost entirely

exposed to the water column; if no net erosion occurs, containment

6 3is favored in deposits containing more than 10 m . Conditions in

mined, submarine pits in New York Harbor favor the containment of

dredged sediment. The side slopes and roughness of the pit floors

will restrict the spread of the bottom surge. The pits act as

traps for fine-grained sediments and the naturally high sedimenta-

tion rates would make net erosion of the dredged sediment deposit

unlikely.



Introduction

Dredged sediment released from a scow or hopper dredge at the water

surface descends through the water column and may be deposited on the bottom,

The fate of this material depends uoon the dredging and disposal techniques,

upon the characteristics of the disposal site, and upon the form of the deposit

of dredged sediment  Bokuniewicz and Gordon, 1978 a, b!. The probability of

containment of dredged sediment in a permanent deposit, or the dispersal of

dredced sediment from the deposit, may be enhanced by the proper management

of the dredging and disposal operation and the judicious choice of the dis-

posal site.

This paper deals with the formation of deposits of dredged sediments on

subaqueous disposal sites and then discusses the long-run behavior of the

dredged material. The disposal operation may result in either containment

or dispersal of dredged sediment and these alternative, disposal strategies

will be considered here for a certain class of operations. The discussion

will be restricted to the disposal of fine-grained sediment from a hopper

dredge in shallow water under slow to moderate currents. This type of

operation is the kind usually undertaken by the U.S. Army Corps of Engineers'

hopper dredges, and the behavior of the fine fraction of the dredged sediment

is of special interest because the most troublesome contaminants are often

associated with fine-grained particles. It is this fraction also whose behavior

is most difficult to predict.

As examples, two special situations will be considered. The first

situation will be one in which it is desired to allow the dredged sediment to

disperse from the disposal deposit over a long time. This may be the case for

the disposal of relatively uncontaminated sediments in well flushed areas. If



the dredged sediment may be safely dispersed, the disposal site could be used

continuously as long as the rate. of application does not exceed the dispersal

rate. The second situation is one in which it is intended to isolate and

contain the dredged material by burial in a subaqueous pit, specifically, a

pit as might be created during a sand-mining operation. This use of artificial

pits as containment sites for dredged sediment is an attractive option. In

some areas, mined pits could have an adverse effect on the marine environment.

Deep holes in New York Harbor, for example, trap fine-grained sediment with

a high organic. content; the consumption of dissolved oxygen by this material

may affect the quality of the overlying water. The possible adverse effects

due to the presence of the pits may be minimized by back-filling. The

combination of di.sposal and mining operation presents a possibility of solving

two problems at the same time � the need to dispose of dredged sediment and

the need to back-fill mined pits.

The Disposal Operation

Material released from a scow or hopper dredge is emplaced on the dis-

posal site in three steps that were first described by Gordon  l974! . Upon

release, the dredged material descends rapi.dly through the water column.

Impact with the bottom occurs. The released material then spreads quickly

away from the impact point as a well-defined toroidal, density surge only a

few meters thick. These three steps � descent, impact and spread of the

bottom surge have been observed under a wide range of hydrographic conditions,

dredged material characteristics, and dredging equipment  Bokuniewicz et al.,

l978; Custar and Wakeman, 1977!. The limiting conditions under which these steps



will occur have not been determined, but they have been documented in water

depths to 67 rn and currents to 4 knots

A small fraction of the released material may be found in the water column

above the bottom surge, This is material that has been left behind during

the descent phase, has spilled over the top of the hopper before discharge, or

has been washed out of the hopper after the discharge. This diffuse cloud

of particles drifts with the currents and settles slowly. While the cloud of

turbid water may be very noticeable around the dredge, the drifting material

accounts for only 1 to 5% of the released material. This fraction will be

neglected in this paper.

The data to best describe the disposed processes come primarily from

research conducted at two disposal operations in the Great Lakes. One was

at Ashtabula, Ohio, in Lake Erie, and the other was at Rochester, New York, in

Lake Ontario. The dredging was performed by the U.S. Army Corps of Engineers'

hopper dredges  the Hoffman and the Lyman!. These vessels have a hopper

capacity of 703 m3. The dredged sediment was predominantly silt or sandy silt,

and the water at the disposal sites ranged from 15 to 46 m in depth. This

research is discussed in detail by Bokuniewicz, et al. �978!, and Bokuniewicz

and Gordon �978 b,c!, and the following description of the disposal operation

is a summary of this work.

During dredging, sediment and water were pumped into the hoppers for a

fixed time � hour!. The hoppers were allowed to overflow while sediment

accumulated on .he hopper floor, After dredging, the bulk density of the

material in the hoppers was 1.3 Ngrn/m3, but the sediment is distributed in

two layers  ficure 1!. The upper layer has a density of about 1.1 rIgm/m 3

This dense fluid overlies a layer with a density of 1.7 !4gm/rn3. For the
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distribution shown in Figure 1, about 30% of the mass in the hoppers is

contained in about 12% of the volume. The shear strength of the bottom layer

is only about 104 dynes/cm2.

The dredged material behaves as a liquid, and when the hopper doors are

opened it is driven out at high speed by the excess pressure head in the

hoppers. The injection process may be described by a simple energy balance,

similar to Bernoulli's equation. Figure 2 compares the observed liquid level

in the hoppers during the discharge with predicted values using a rate of

frictional energy loss of 0-1 Njoules. The injection speeds may be as high

as 4.3 m/sec. The rapidly moving jet of material descends to the 1.ake floor.

The speed of this jet. has been measured at about 1.0 m/sec. Ambient water

is entrained during descent and the total volume impacting on the bottom may be

increased to about 72 times the volume released.

impact of the descending jet with the bottom deflects the flow of dredged

material and entrained water to form a bottom surge or density current which

spreads away from the impact point across the la3ce floor. Because of the

sharp density contrast between the surge and the overlying water, the surge is

easily detected with a standard recording fathometer. Figure3 illustrates

the development of the surge as it was detected simultaneously by acoustic

transducers spaced outward from the side of the dredge. The surge slows

and thins as it travels radially outward. The evolution of the surge is

shown by a series of sections in Figure 4. These sections represent

a generalized composite of all the data collected at the two sites. These

data include not only acoustic obse vations but also measurements of the near-

bottom currents and the optical transmittance. The concentration of suspenoed

solids in the surge was determined from timed, pumped water samples-

the surge, concentrations may reach ll gms/m3. Combining the measured
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The height of dredged materia1 measured in the hoppers during
the discharge  solid circles! compared with a, predicted height
based. on an energy balance with a frictional energy loss rate
of 0.1 Mgou1es.



Figure 3. Development of the bottom surge as detected an array of acoustic
transducers  fathometers! at intervals after the start of the
discharge.
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and Gordon, 1978 c!.



distribution of suspended material with the velocity measurements, and assuming

radial symmetry, the total mass of solids in motion may be determined. This is

shown in Figure S. The velocities within the surge are initially high

 ~ 1 m/sec!. At these speeds no suspended material is deposited and some of the

lake floor sediments may be eroded. The total amount of suspended solids

increases slightly from the end of the impact phase, 90 seconds after the

hopper doors were opened, to a time 120 seconds after discharge while the surge

is between 15 and 69 m from the impact point. Not until the turbidity current

has traveled to 93 m from the impact point does the mass of suspended material

begin to decrease. At this time, 180 seconds after discharge, suspended sedi-

ment is lost from the surge at a rate of 10 kg/sec and settles to the lake

floor at a rate of about 0.01 m/sec. If there is no lateral drift of the

ma erial during settling, it will be deposited in a ring around the impact.

point. In radial cross-section the deposit, would look as shown in figure 6.

Erosion has taken place within 50 m of the impact point to a depth of about

1 mm. Deposition has occurred in a ring between 50 and 160 m with a maximum

thickne ss of 2. 8 mm.

Many repeated discharges would most likely result in a thin deposit of

low relief. The minimum radius of the deposit is determined by the range of

the bottom surge. On a smooth flat bottom, a conical mound with a radius less

than about 300 m cannot be formed by deposition from turbidity currents

 Bokuniewicz and Gordon, 1978 a!. The deposit must also have side slopes of

less than 0.05. This is because a current running down this slope has its

empirically determined rate of energy dissipation equal to the change in its

potential energy due to the decrease in its elevation. hhile this is the case,

the initial velocity of the surge will not diminish and no deposition will

occur. For volumes of sediment less than 10 m the radius is the limiting

11
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Figure g. Total mass of solids in motion in the bottom surge at intervals
after the discharge.
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factor. With this constraint a deposit containing 10 m has a maximum5 3

height of only 1.5 m.

A bathymetric survey was made of the Rochester disposal site. The spoiled

area could be detected on the basis of its rough microtopography and changes

in the reflectance of the bottom, but the relief was too small to be measured

 Bokuniewicz, et al., 1978!. At Ashtabula, the extent of the deposit of

dredged sediment was measured with both sediment traps and graduated rods

that were fixed in the lake floor before the disposal  Danek, et al., 1977!.

3
Seventy percent �8,000 m ! of the released material was found to cover the

2
160,000 m disposal area. Same of the missing material  an unspecified amount!

was not found at the site because it had been released at another location.

The average thickness would be less than 0.1 m and the maximum, observed

thickness was less than 0.5 m. Such deposits present a large surface area

for interaction with the overlying water column. This situation favors the

subsequent dispersal of the material.

Dispersal from the Disposal Deposit

In areas where the currents are sufficient to regularly resuspend dredged

sediment a large fraction of the dredged sediment could be resuspended and

exchanged with the ambient sediments between successive discharges. In the

coastal zone, for example, tidal currents typically disturb the top millimeter

of sediment and the layer formed by a single hopper load is only a few milli-

meters thick. During the dredging of Mare Island Strait in San Pablo Bay,

7 2large quantities of dredged samples were found over an 8 x 10 m area and

about 10X of the dredged sediment was estimated to have returned to the

channel  Custar and Wakeman, 1977!.

Under certain conditions, however, the deposit shoul.d be able to be

maintained indefinitely  Bukuniewicz and Gordon, 1978 a!. This will be the

case if, for example, the surface of the deposit is armored to resist erosion, or



if the natural rate of deposition is sufficiently high so that there is no net

erosion at the disposal site. Since he deposit has low side slopes,

mechanical instabilities, such as slumps or slides, are unlikely. The deposit

will, however, slowly consolidate with the expulsion of pore water.

The exchange of particulates between the deposit and. the water will be

limited to a thin layer at the sediment water interface. Initially, the

thickness of this layer is the depth to which the sediment is disturbed by

currents or wave activity, usually a few millimeters. After several month=,

however, the deposit may be recolonized by benthic fauna  Rhoads, Aller and

Goldhaber, l976; Saila, l976!. When this happens, the fraction of the dredged

sediment that is mobilized is increased as the result of bioturbation. The

sediment in the bioturbated layer will be put in direct contact with the water.

This material may be subject to dispersion while the sediment below this depth

will remain undisturbed and retained in the deposit. For an ideal conical de-

posit, the fraction of material, f, that is subject to mobilization is:

f = 1 � �-d/h! ~

whew h is the height of the cone and d is the thickness of the bioturbated

layer. En New England waters the bioturbated layer is typically O.l m thick.

For this situation, even if net erosion does not occur and the deposit is

constructed with the minimum possible surface area, complete exposure of the

dredged material to the water may be expected in deposits containing less

:nan lO4 m~,



Sub-bottom Containment, of Dredged Sediment

Slow dispersion of dredged sediment from the disposal site results in

dilute concentrations of dredged sediment distributed over a wide area.

Dispersion accompanied by net erosion is useful because it permits a particular

site to be re-used and therefore limits the area of the sea or lake floor

that needs to be committed to the disposal of dredged material. Near-shore

water, however, have a limited capacity to absorb this material without

degradation  Carpen er, 1975!. In addition, the long-run effects of sustained,

low levels of contamination or of increased suspended sediment loads on the

eco-system are not well known, although investigations are beginning to

address this problem  e.g. Schubel, Auld and Schmidt, 1973!. As a result, it

is often desired to minimize the contact between the dredged sediment and the

ambient water rather than to disperse and dilute the dredged material. This

is especially the case for highly contaminated matezial.

Mined submarine pits may be useful as containment sites for fine-

grained dredged sediment. There are several reasons foz this. Offshore

sands are being mined for construction aggregates in New York, New Jersey,

Rhode Island, and California, and it appears that these offshore resources

will be further developed in the future to avert sezious shortages   ruikshank

and Hess, 1975!. Simultaneously, new disposal sites must be designated in

coastal areas to handle quantities of dredged materials now produced and

likely to be produced in the future. In New York Harbor, for example, several

large holes from previous mining operations already exist, and it is estimated

6 3
that some 27 x 10 m will be needed ovez the next three years  J. Marotta,

New York Office of General Services, personal communication!; in the New Yo k

area the maintenance of navigable waterways reauizes the removal of about

6 3
10 x 10 m of sediment annually, most of which is fine-grained sediment, and



10 to 20% is highly contaminated  D. Suszkowski, Army Corps of Engineers,

New York District, personal communication!. The technology needed to carry

out a back-filling operation is available  Johanson, et al., 1977! and, as mentioned

earlier, the pits are natural traps for fine-grained sediment, Dredged sedi-

ment can be accurately sent to the pit floor although the bathymetry of the

pits will modify the placement processes and deserves further attention.

Figure ~ shows two fathometer records across mined pits in Lower

New York Harbor. The larger hole could contain a volume of about 20 x 106 m3;

the smaller, 1.6 x 106 m3 The side walls of the pits are steep �0o to 15o!

but below the angle of repose for sand �2o!. The pit floo s are irregular as

a result of the dredging. Some parts of the record are characterized by a

flat, diffuse reflection. These areas were identified as mud by bottom

1 in Core samples show a 1 ayer of mud over lying sand on the pit f loor . In

the smaller hole, this mud. layer is about 0.45 m thick. In the larger hole the

mud layer has been found to be as thick as 0.90 m  B. Brinkhuis, marine Sciences

Research Center, State University of New York, personal communication!. This

thickne'ss of mud has accumulated since 1968 when mining operations in the pit

were completed  B. Brinkhuis, per. cnm.j, which means that the average sedimenta-

tion rate has been very rapid. Mud has accumulated at a rate of 0.045 m/yr in

the smaller hole and about 0.09 m yr in the larger pit.

The side slopes of the pits are sufficient to substantially limit the

spread of the bottom surge. From the data used to construct the generalized

sections shown in Figure 4, the total energy in the surge has been calculated

 Bokuniewicz, et al., 1978! This is shown in Figure 8. Over a flat bottom,

the spreading surge loses energy at a rate of about 0.044 Njoules/m. The

gain in the potential energy of the surge in running up various slopes has

been calculated and is also shown in Figure 9. For a given slope, the inter-

17
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The solid circles indicate the total energy of the surge as a
function of the position of the head. of the surge. These data
are approximated, for convenience, by the line H. Also shown
is the calculated increase in the potential energy of the
surge as it runs ~ various slopes.



section of the two curves indicates the greatest distance that the surge may

travel up that slope. For example, a surge initiated at the center of a

0
conical pit could not climb out of the pit if the walls had a slope of 1

and a length of 105 m. Of course, the c~rves shown in this figure will not

be unaffected by changes in the discharge conditions, >ziy modification that

vill change the energy of the surge vill affect its lateral spread. The dis-

charge of a larger volume of material at higher speeds will, for example,

extend the range of the surge  Bokuniewicz, et al., 1978; Bokuniewicz and Gordon,

1978 c!. It seems clear, however, that the spread of the surge will be severely

limited by the slopes of a few degrees.

The roughness of the bottom may also limit the travel of the surge due to

increased energy dissipation at the sediment-water interface. If the densio-

metric Froude number, Fr, is small, there will be little mixing at the top

surface of the surge  Middleton, 1966! and the velocity of the surge is

expected to be directly proportional to some measure of the bottom friction

like the Chezy coefficient  Kuenen, 1952!. This seems to have been the case

for the disposal operations in the Great Lakes, where Fr > 1  Bokuniewicz,

et al., 1978; Bokuniewicz and Gordon, 1978 c!. If the surge encounters large

abrupt bumps, however, the top surface may be disrupted; and suspended, dredged

sediment may be injected into the overlying water. On the pit floors, the

irregularities are typically less than a meter high and have side slopes of

less than 10 . The question of whether or not these bumps would be sufficient

to disrupt the spread of the bottom surge deserves further attention.

After deposition on the pit floor, the dredged sediments are subject to

resuspension bioturbation and mechanical adjustment. Zf he natural rate of

sedimentation is high, it is likely that no net erosion of the deposit will

occur. In mined pits on the floor of New York Harbor, the sedimentation rate

20



of fine-grained sediment is extremely high. In addition to re-

ducing the net erosion of any deposits on the pit floors, this high

sedimentation rate would discourage recolonization of the deposit

by benthic animals. Bioturbation of dredged sediment would be

reduced or eliminated so that the fraction of material in con-

tact with the water would be limited to the thin, surface layer.

These conditions enhance the probability of containment of

dredged sediment on the disposal site.

Conclusion

The capacity of the coastal zone to absorb dredged material

depends upon two elements. Part of the total capacity represents

that' volume of material that may be safely isolated and contained

on the sea floor. The other part is that volume which may be

acceptably suspended in the water column and the rate at which

new suspended material may be introduced. As more is learned

about the processes involved in the disposal operation, techniques

may be better developed for the management of the discharge of

dredged sediment in order to achieve dispersal or containment.

For low levels of contaimination, it may be desirable to minimize

the environmental impacts by diluting and dispersing the sediment

over a wide area so that each location receives a negligible ad-

dition. For heavily contaminated material even small doses may

be harmful, and it has been the policy to sacrifice some small

area in order to isolate and contain this material there, Intermediate

cases may also be considered in which a site is chosen and the disposal

21



operation controlled to result in the slow release of dredced sediment from a

deposit on the site by natural processes.

The release of fine-grained material from hopper dredges result in a

deposit of Low relief and a large surface-to-volume ratio. For volumes less

than about 104 m~ this situation favors the dispersal of the dredged sedi-ent.

The relative containment capacity increases as the volume increases. The long-

run fate of the material depends also on the physical conditions at the site,

specifically, the depth of resuspension and bioturbation and the natural

sedimentation rate. Sites, such as m'ned pits, which have naturally hign

rates of sedimentation are potential containment sites. Of course, many

other options are also available for controlling the fate of dredged sediment.

For example, more complete isolation might be achieved by covering the deposit

with clean material, probably sand. A sand cover would p'otect the deposit

from disturbances during extreme hydrologic conditions, such as might occur

during storms or floods. Capping operations, however, pose additional disposal

problems. The first problem involves the emplacement of the capping material.

Hopper discharges would result in a high-energy impact of the sand with the

deposit of dredged sediment. Conseouent erosion in the impact area would

intermix the spoil with the cover material  Pokuniewicz and Gordon, 1978 c!.

Special equipment may be needed to cover the deposit  Johanson, et al., 1977!.

Even after the sand layer is emplaced, there may be difficulties in maintaining

the cover due to biological mixing or mechanical instabilities of the sand-

over-mud stratification.

~s more is learned about the d'sposaL processes, a w'der ange of man'=e-

ment nptions is available. This type of planning, however, will require more

control of the disposal operation than has been normally exerteo. The disposal

operation should be handled as an engineering project for building a deposit

of dredged sediment on the sea floor.

22
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IMPACTS 07 OPEN-WATER

DREDGED MATERIAL DISCHARGE

Richard K. Peddicord
1

ABSTRACT

The concept and structure of the study of environmental impacts

of aquatic disposal under the U.S. Army Corps of Engineers Dredged

Material Research Program are outlined. Results of a number of field

and laboratory research prospects indicate that almost all the dis-

charge material immediately impacts the bottom, perhaps forming fluid

mud, leaving only a small percentage suspended in a turbidity plume.

Potentially toxic contaminants and nutrients usually are not released

to the water in quantities sufficient to cause concern. A possible

exception is ammonia, which could reseach undesirable levels under

some conditions. Turbidity and dissolved oxygen are very unlikely to

be of ecological concern except on coral reef areas, although tur-

bidity is a very real aesthetic problem. The material that impacts

the bottom has an immediate and perhaps substantial physical impact.

Some of the buried animals can exhume themselves, and recolonization

of the site by larvae and/or mobile adults beings soon after disposal

ceases. As this progresses and physical forces tend to return the site

to its original condition, the evidence of environmental impact

1 Environmental Laboratory, U,S. Army Engineer Waterways Experiment
Station, P. 0. Box 631, Vicksburg, MS. 39180
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decreases and within a period of months to perhaps a year or two,

the community structure at the disposal sites is usually similar to

surrounding areas; although the species may be somewhat different. The

uptake of metals and chlorinated hydrocarbons from deposited sediments

and their incorporation into animal tissues was shown to be possible,

but to be the definite exception, rather than the rule. Xmpacts at

most aquatic disposal sites are physical and relatively short-term,

a possible exception being those comparatively few sediments con-

taminated with more than several ppm PCB's.
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INTRODUCTION

The River and Harbor Act of 1970  Public Law 91-6ll, Section 123!

authorized the Corps of Engineers to initiate and conduct a comprehensive

nationwide study of dredging and dredged material disposal operations.

Of particular interest were environmental impacts, productive uses of

dredged material, and new or improved dredging and disposal practices'

The U. S. Army Engineer Waterways Experiment Station  WES! was assigned

responsibility for the research program, designated as the Dredged

Material Research Program  DORP!.

The planning and implementation of the DORP were the responsibility

of an interdisciplinary team established at WES as part of the Environ-

mental Laboratory  EL!. The thrust of the program involved four major

research projects:

a. Environmental Impacts and Cri,teria Development project  EICDp!,

b. Habitat Development Project.

c. Disposal Operations Project.

d. Productive Uses Project.

This report is primarily concerned with the findings of the EICDP,

which was divided into four research task areas. These were: Aquatic

Disposal Field Investigations  Task lA!, Movements of Dredged Naterial
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 Task 1B!, Effects of Dredging and Disposal on Water Quality  Task 1C!,

and Effects of Dredging and Disposal on Aquatic Organisms  Task lD!.

The research for the last three of these tasks was, for the most part,

carried out in the laboratory under controlled conditions. The results

are useful, therefore, for understanding known impacts and for pred.icting

others that may occur. They cannot, however, be directly applied to

field conditions without verification, but can be considered as "worst

case" evaluations. As such, they are useful in defining boundary con-

ditions possible with aquatic discharge. Task lA was a large-scale

field study effort designed to provide defini.tive information on the

environmental impact of dredging and disposal operations and, where

undesirable impacts were observed, to suggest means of eliminating or

reducing such impacts. This included studies on water and sediment

quality, impacts on bottom animals, and the rate and extent of the re-

colonization of disposal sites by bottom organisms, and responses of

swimming and free-floating organisms to disposal.

The field studies were viewed somewhat as demonstration cases to

verify in the natural. environment the responses studied in detail in

the laboratory research. Thus, in a sense they tie the entire Environ-

mental Impacts and Criteria Development Project together. This paper

summarizes the findings of the field studies with supporting detail

from the other tasks as appropriate.

The basic approach involved the selection of field sites on the

basis of representativeness of different geographic regions  environments!

and disposal operations. Appropriate strategies were then developed for

the collection and analysis af biological, chemical, and physical samples.

Samples were taken during controlled disposal operations and compared
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to samples obtained under baseline conditions and from reference sites.

Although there were site-specific modifications, the general sche-

dule consisted of predisposal surveys to establish baseline  ambient!

conditions, one or more disposal operations with frequent sampling to

determine acute impacts, and postdisposal monitoring to assess chronic

impacts, recolonization by benthic organisms, and the rate of return to

predisposal conditions. Whenever possible, physical, chemical, and

biological data were obtained concomitantly so that cause-and-effect

correlations could be investigated.

The research at each site was conducted through interagency agree-

ments and contracts by various agencies, institutions, and private firms.

This resulted in a series of site-specific reports; these reports were

published as appendices to summary reports for each site. These summary

reports and their appended contract reports, together with the other

2EICDP reports are available as cited in this paper. Because of the

diverse audience for which it was prepared, this paper is nontechnical in

the sense of presenting detailed information. Those desiring more spe-

cific information are encouraged to consult the field study site summary

reports and the technical reports of the other EICDP and DMRP studies.

DISCUSSION OF FINDINGS

As dredged material is discharged, a number of complex chemical and

physical events occur which, prior to the completion of aquatic disposal

2
U. S. Army Engineer Waterways Experiment Station, P. 0. Box 631,

Vicksburg, MS 39180, Attn; Ms. D. P. Booth. When supplies are

exhausted, copies will be obtainable from the National Technical Infor-

mation Service, 5205 Port Royal Road, Springfield, VA 22151.
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research in the DORP, were poorly understood. Indeed, many could only

be hypothesized from a theoretical standpoint although some had been

demonstrated in laboratory studies.

Upon discharge from a hopper or barge dredged material usually falls

as a coherent unit that entrains ambient water and descends as a dense

mass. Water column interaction is minimal as descent to the bottom

occurs in a matter of seconds.

In those unusual circumstances where the material does not descend

to the bottom as a cohesive mass, the opportunity exists for it to

interact with the water column. This usually occurs only in cases of

extreme water depth where the dense mass may entrain enough ambient

water to create a neutrally buoyant plume. In this case, maximum water

column interaction occurs with relatively little bottom impact. Such

interaction may result in the formation of a turbid plume and the

exchange of chemical substances between the dredged material and the

water column. This interchange depends on a number of variable factors

such as particle-size distribution, the chemical nature of the sediment

and the water column, the presence of currents, and variable water

density. These interactions will tend to be minimized if the sediment

is of such a nature as to descend as a more or less cohesive unit.

All disposal operations create a turbid plume of some description,

the duration of which depends on particle size, currents, turbulent mix-

ing, and similar phenomena. A turbid plume composed of very fine

particles will persist longer than one made up of coarser particles.

Depth can be a factor as, in many instances, bottom waters are more

dense than surface waters. A plume which has disappeared from the

surface may persist at intermediate depths or near the bottom because of
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differential rates of particle settling.

Ultimately, the disposed sediment will reach the bottom. If it

is cohesive and fa]ls as a mass it may produce a mound and existing

sediment may be displaced with a turbidity and/or shock wave which

travels outward from the impact point.

If the material is not cohesive, it will tend to settle more uni-

formly upon the bottom. A pronounced mound may not be present and a

greater area will be covered with a lesser thickness of material. Under

most field condi.tions, a combination of these two types of impact is

expected because the dredged material is generally heterogeneous.

The material discharged from a hydraulic pipeline dredge is a

slurry which usually disperses in three modes. Any coarse material,

such as gravel, clay balls, or coarse sand, will immediately settle to

the bottom of the disposal area and usually accumulate directly beneath

the end of the discharge pipe. The vast majority of the fine � grained

material in the slurry also descends rapidly ta the bottom where it

forms a low gradient circular or elliptical fluid mud mound  Nichols et

al., 1978!. A small percentage � to 3 percent! of the di.scharged materi-

al is stripped away from the outside of the slurry jet as it hits the

water surface and descends through the water column and remains suspended

in the water column as a turbidity plume  Schubel et al., 1978!.

The levels of suspended solids in the turbidity plurne created in

the water column above the fluid mud layer generally range from a few

tens of milligrams per litre to a few hundred mi.lligrams per litre.

Concentrations rapidly decrease with increasing distance downstream from

the discharge point and laterally away from the plume center line due

to settling and horizontal dispersion of the suspended solids  Barnard,

30



1978!. Under tidal conditions, the plume will extend inland during the

incoming  flood! tide and seaward during the outgoing  ebb! tide. The

plume length will seldom be more than slightly longer than the maximum

distance of one tidal excursion  i.e., the distance that the suspended

sediment is transported during an ebb or flood tide!, In rivers where

the flow is unidirectional, the plume length is contro1.led by the strength

of the current and the settling properties of the suspended material.

In both estuarine and riverine environments the natural levels of turbu-

lence and the fluctuations in the rate of slurry discharge will usually

cause the idealized teardrop-shaped plume to be distorted by gyres or

eddylike patterns  Barnard, 1978!.

Whereas a small percentage of the fine-grained dredged material

slurry discharged during open-water pipeline disposal operations is

dispersed in the water column as a turbidity plurne  Schubel et al., 1968!,

the vast majority rapidly descends to the bottom of the disposal area

where it accumulates under the discharge point in the form of a low

gradient mound of fluid mud, commonly referred to as "fluff," overlying

the existing bottom sediment  Nichols et al., 1978!. Although there is

no universally accepted definition of fluid mud, at the overlying water/

fluid mud interface concentrations are approximately 1.0 g/R. This

material may be stationary or may freely flow outward, away from the

discharge point of an open-water pipeline disposal operation, like syrup

poured on a platter, or downslope as a mudflow. At an approximate

solids concentration of 200 g/k fluid mud possesses a certain degree of

rigidity and will not normally flow freely as low-density fluid mud

may  Migniot, 1968!. If the discharge is moved as the dredge advances,

a series of mounds will develop. The majority of the mounded material
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is usually high-density  nonf lowing! fluid mud that is covered by a

surface layer of low-density  flowing or nonflowing! fluid mud. The

short- and long-term dispersion characteristics of' the discharged slurry

depend on many factors, including the nature and rate of slurry discharge,

the discharge configuration, and the hydrodynamic regime and bottom

topography in the disposal area. With time fluid mud gradually con-

solidates to densities typical of fine � grained sediments and becomes

indistinguishable from the natural bottom.

Regardless of the method of dredging and disposal, once the material

impacts the bottom and fluid mud consolidation begins, the material

may remain in place for a long period of time or may undergo relatively

rapid erosion and dispersal. Which event  or combination! occurs depends

on the nature of the material and bottom currents. The latter, of course,

are influenced by depth and the adjacent subaqueous topography. After

deposition, whether or not extensive erosion and movement occurs, the

dredged material may become mixed and incorporated with the underlying

natural sediment.

These events are of concern because of the potential effects

thay they may have upon biological communities. To discuss these in

proper perspective, the general nature of the various communities

involved and the components of disposal which may impact them is required.

The pelagic community might conceptually be expected to receive the

initial impact of disposal. This community consists of plants and

animals which have low mobility and which tend to drift with currents

 plankton! as well as organisms with moderate to high mobility  such as

fish!. If disposal did release contaminants  such as metals, ammonia,

pesticides, etc.! pelagic organisms in the plume might suffer adverse
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impacts. This would be of greater significance to planktonic organisms

than to more mobile ones because the latter,  if they could detect the

toxic material,! could leave the area. If the plume is moving, plank-

tonic organisms may be carried with it and experience a longer exposure

time than mobile animals.

Laboratory studies  Burks and Engler, 1978! indicated that soluble

metal release to the water column during disposal is generally small,

because metal oxides are relatively insoluble. In some cases, hydrous

iron oxide scavenges other heavy metals from the water column and reduces

their concentrations. Only manganese was observed to be released in

solution to the water column to any extent during disposal. The release

was transient, however, and a return to ambient conditions usually

occurred within minutes to hours. There did not appear to be any effects

on the pelagic community as a result of the increase in manganese.

Some of the heavy metals appeared to be released to a slight degree

at some of the sites. These releases did not follow a consistent pattern

and the importance of the observations is not cleat. As with manganese,

the releases were small and did not persist.

With the exception of PCB's at one site, there was no significant

release of oil and grease or chlorinated hydrocarbons into the water

column. These compounds are quite insoluble in water and readily sorb

upon particulate matter, so little release was expected  DiSalvo et al.,

1977!. In the case of PCB's in Elliott Bay, the EPA criterion for these

compounds was exceeded; however, the background concentration in the

receiving water also exceeded the criterion. Actual increases due to

disposal over the high background values were quite small and transient

and did not appear to be of particular biological significance.
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Bioaccumulation phenomena conceptually could also affect pelagic

organisms. These consist of the accumulation or concentration of sub-

stances from the external environment to higher concentrati.ons within arr

organism. Although commonly referred to as "food-web magnification,"

this concept is generally misapplied to aquatic organisms. Unlike

terrestrial organisms, which do concentrate substances from lower to

higher trophic levels, aquatic organisms tend to bioaccumulate directly

from the environment through respiratory and other external body surfaces.

Hence, if soluble substances were released into the water column during

disposal then they could be incorporated into the body tissues of aquatic

organisms. Such effects were not demonstrated to occur at any of the

field study sites with any toxic material  Wright, 1978!. The laboratory

studies indicated that while such effects are possible, they must

definitely be expected to be the exception rather than the rule  Hirsch

et al., 1978; Neff et al., 1978; Brannon, 1978!,

Because a significant component of the pelagic community consists of

plants  phytoplankton!, the potential impact of nutrients is of concern.

An excess of plant nutrients  especially phosphorus or nitrogen! above

a limiting concentration can bring about a "bloom" or shift in species

dominance. As these plants are planktonic, they will tend to move with

the impacted portion of the water column and have a maximum opportunity

to react to the presence of excessive nutrients. Phosphorus is generally

limiting  in short supply! in freshwater while marine systems are most

often limited by nitrogen. In an estuary, where marine and freshwater

systems mix, either element may be limiting, and the controlling factor

may change on an almost daily basis.

The plant nutrients, phosphorus and nitrogen, were released to



the water column at most of the ADFI sites. Phosphorus release was

quite common but persisted only for minutes to hours. Similar releases

have been reported by other investigators  Sly, 1977! in evaluations

of dredged material disposal.

Nitrogen was released at most of the ADFI sites in the form of

+ammonium  NH -N!. This converted to ammonia  NH ! in the disposal site

water at a pH near 8. Although plants can use ammonia as a source of

nitrogen, primary concern centered on the toxic effects of ammonia. As

with phosphorus,, the elevated levels of ammonia in the water column

were of short duration. As the oxidation of ammonia to nitrite and

nitrate is quite slow and since ammonia is not readily sorbed by particu-

late matter, the observed return to ambient conditions most probably

resulted from dilution. It is thought that the concentration-exposure

time relationships  Brannon, l978! were such that no damage occurred to

pelagic organisms. Because of ammonia's potential toxicity, ammonia

concentrations should be carefully monitored during disposal  Burks and

Engler, l978!.

As with nutrients, turbidity induced by disposal could affect

the phytoplankton by decreasing the amount of light that is available

to them. Such a decrease, if it persisted for a significant period of

time or over a large area, could reduce photosynthesis and decrease the

productivity of the system because phytoplankton, rather than rooted

plants, are the basic primary producers for open-water communities.

Such effects, however, have not been demonstrated relative to dredged

material disposal either by the DNRP field studies  Wright, 1978!,

or in the open literature  Stern and Stickle, 1978!. The latter authors

reviewed the literature and found little basis for the conceptual fears
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of direct or indirect impact of turbidity from dredging operations on

aquatic ecosystems. This is supported by the laboratory research of

Peddicord and McFarland �978!. Although dredging-induced turbidity may

often be an aesthetic problem, rarely is it likely to be an ecological

one, except in the proximity of coral reefs  Stern and Stickle, 1978!.

The pelagic community could also conceptually be affected by reduc-

tion in dissolved oxygen if the disposed sediment has a high immediate

oxygen demand. As with toxicity, this effect in part depends upon

concentration-time of exposure relationships, as most organisms can

withstand a moderate decrease in dissolved oxygen for a relatively long

period of time whereas a slightly greater decrease may not be at all

tolerable. Because of a variety of chemical interactions, if anoxic

conditions were to occur, they could increase the damage potential of

toxic substances. Decreases in dissolved oxygen in the receiving water

were insignificant at all field study sites  Wright, 1978! and only

rarely are likely to be of any consequence  Brannon, 1978!.

Essentially no biological effects were demonstrated at any DMRF

field study site as a result of water column changes during disposal

operations. There were a number of physical and chemical changes which,

when they occurred, were of low magnitude, short duration, or both.

Only in rare cases were existing criteria exceeded and, even then, these

"worst situation" instances were such that concentration-time of exposure

considerations  Brannon, 1978! seem to preclude significant biological

impacts.

When the disposed material settles upon the bottom the benthic

community may be impacted. This community consists of mobile and

nonmobile organisms. Among the former are fish and some invertebrates,
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while the latter consist almost entirely of invertebrates. Sessile

organisms may either burrow in the sediment or live primarily at the

sediment-water interface. The bottom-dwelling invertebrates are often

of direct commercial importance  shrimp, crabs, lobsters, mollusks,

etc.!, and, even when they are not, they form an extremely important

component of the food of sport. and commercial fish. Most of the signifi-

cant impacts associated with disposal at the DMRP field study sites

occurred in the benthic community and. primarily affected invertebrate

organisms. Demersal finfish were little affected  Wright, 1978!.

Whether dredged material impacts the bottom in solid form or as

fluid mud, it buries those benthic organisms which it covers. Depending

on the nature of the material, a drastic habitat change can occur.

This will be most severe when the disposed sediment is quite different

from the existing bottom as, for example, when fine material is placed

on coarse sand or vice versa.

Most species of organisms normally found on sandy or muddy bottoms

are more or less mobile, especially as juveniles. Few mud or sand

dwellers are sessile  fixed to the bottom!. The mobile organisms have

various capabilities for ~oving through newly deposited dredged material,

to reoccupy positions relative to the sediment-water interface similar

to those maintained prior to burial by the disposal activity. Benthic

organisms such as mud crabs and amphipods having morphological and

physiological adaptations for crawling through sediments are able to

migrate vertically through deposits of tens of centimetres. Vertical

migration ability is greatest in dredged material similar to that in which

the animals normally occur and is minimal in sediments of dissimilar

particle-size distribution. However, results also showed broad variability
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in migratory abilities, suggesting physiological status and environmental

variables to be of great importance to vertical migration ability

 Maurer, 1978! .

In general, many disposal sites are in areas which would be con-

sidered to be subject to natural physical stresses because normal environ-

mental conditions are variable rather than stable. Organisms which occur

under such conditions are generally able to better withstand physical

stresses and recover more rapidly than those in physically stable

environments  Oliver et al., 1977!. Estuaries are typical of naturally

stressed environments because of the high variability which results from

the interactions of fresh and marine waters. Likewise, nearshore

or shallow areas which are subject to wave action and/or high current

velocities present a physically stressful environment for many organisms.

This is particularly true when the substrate consists of relatively

coarse sand which is constantly being shifted about by waves and currents.

If toxic substances are present in the disposed material in a

biologically active and/or available form, the benthic community may

be adversely affected. Such substances can include metals, pesticides,

oil and grease, PCB's, ammonia, sulfides, and similar elements and

compounds. Dredging and disposal do not introduce new contaminants to

the aquatic environment, but at worst simply redistribute the sediments

which are the natural depository of contaminants introduced from other

sources. After disposal, these substances may conceptually remain in

toxic forms in the sediment and may also move across the sediment-water

interface into the water column.

The potential for bioaccumulation is of considerable concern in

regard to the benthic community because the organisms present are for
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extended periods in close proximity to substances which have uptake

potential. Unlike pelagic organisms, where exposure time is apt to be

of short duration and transient, benthic organisms which burrow in or

live upon the surface of the disposed material may Undergo lifetime

exposure. In addition, many benthic organisms are deposit feeders; that

is, they ingest large quantities of sediment. While the sediments are

passing through the digestive tract of these organisms, changes in pH,

digestive enzymes, and other factors may conceptually increase the

mobility of some substances  especially metals! and perhaps cause them

to be absorbed into the tissues. Moreover, as carbon dioxide is given

off, a microzone of reduced  acidic! pH is often observed. This could

enhance release of metals and other substances.

For most metals studied in both the laboratory and the field,

uptake by organisms was not evident. In the more detailed laboratory

studies when uptake was shown to occur, the levels often varied from

one sample period to another and were quantitatively marginal, usually

being less than one order of magnitude greater than levels in the con-

trol organisms even after 1 month of exposure  Neff et al., 1978!. It

is invalid to compare metals levels in organisms to total or bulk sedi-

ment concentration since only a variable amount of the sediment-associated

metal is biologically a~ailable  Brannon, 1978!.

Of a total of 168 animal-sediment-salinity combinations evaluated

in tests carried out by Neff et al. �978!, only 22 percent showed

significant accumulation due to sediment exposure. The largest uptake

was of iron, a metal generally known fox its low degree of toxicity in

biological systems. Their literature search showed that heavy metals in

solution vary over several orders of magnitude in availability to
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benthic invertebrates. Although extensive accumulation of heavy metals

by organisms from the water has been documented, the literature shows no

such clear evidence for accumulation of metals from the sediments.

Both Neff et al. �978!, in the laboratory, and Anderlini et al,

�976a!, in field work and back-up laboratory experiments, have found

the same heavy metal phenomena. The accumulation and release of certain

heavy metals seems to vary with the metal, with the species, between

sampling times, between sampling sites, and within controls. These

variable results have not been directly correlated with dredging opera-

tions or sediment loading.

Results indicated that selected estuarine and freshwater organisms

can be exposed to dredged material that is contaminated with thousands

of parts per million oil and grease and experience minor mortality for

periods up to 30 days. Uptake of hydrocarbons from the heavily contami-

nated sediments appears minor when compared to the hydrocarbon content

of the test sediments, and when compared to uncontaminated organisms

 DiSalvo, et al., 1977!.

Studies conducted on the adsorption and desorption of chlorinated

hydrocarbons and PCS's by sediments have generally indicated that

these materials are much more readily sorbed than desorbed. On the

basis of laboratory studies, it appears that release of these water-

insoluble pesticides will not occur to an appreciable extent during

disposal  Pulk et al., 1975! . Anderlini et al. �976b! monitored

release from sediments and uptake by organisms of PCB's and compounds of

the DDT group during a disposal operation in San Francisco Bay. Some

uptake of p,p'-DDE was observed but the levels of the other chlorinated

hydrocarbons remained constant in bay mussels.
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The environmental interpretation of bioaccumulation data is very

difficult because in most cases it is impossible to quantify either the

ecological consequences of a given tissue concentration of a constituent

that is bioaccumulated, or even the consequences of that body burden

to the animal whose tissues contain it.

In general, disposal of dredged material at the ADFI sites demon-

strated few significant impacts. This is not surprising, as many of

the laboratory studies and other investigations of dredged material

disposal under conditions similar to those at the ADFI sites also failed

to demonstrate that many of the conceptually anticipated impacts

actually occurred.

It was not possible to establish a cause-and-effect relationship

between the biological changes that did occur at the field study sites

and the disposal of dredged material, with the possible exception of

benthic community changes resulting from direct burial. In general, the

abundance and number of species decreased temporarily immediately

following disposal. It appears that this effect was caused by burial

although the influence of chemical factors cannot be completely discounted.

Disposal did not appear to have any lasting effect on the sediment

chemistry. There were some small changes in dissolved oxygen, metals,

and nutrients but these did not appear to be large enough to have

a significant impact on the benthic community. There was little

evidence of biological uptake of oil and grease  DiSalvo et al., 1977!

or heavy metals  Neff et al., 1978! in the laboratory. Likewise,

there was virtually no evidence of contaminant bioaccumulation under

field conditions at the ADFI sites.

There appeared to be some degree of short-term avoidance of the
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disposal site by finfish at several of the sites; at another, however,

there was evidence of greater numbers of finfish after disposal.

Some question exists as to whether this behavior represented avoidance

of the material or was a result of the normal seasonal movements of

fish  Wright, l978!.

A degree of interpretative judgement was required in evaluating

the overall ecological significance of the observed changes in the benthic

community. Little is known of the role that many of the organisms play

in the entire ecosystem. Although recolonization of the impacted area

usually took place within months, the colonizing organisms were often

different from those which had been present prior to disposal. This

change probably represents successional phenomena, and, if the sites

were to be revisited in 2 to 5 years, the original communities may be

found to have returned. Alternately, habitat alteration  i.e., a change

in the physical nature of the substrate! by disposal may favor the more

or less permanent establishment of a community quite different from that

which previously existed. Hirsch et al. �978! documented a number of

instances where habitat change and succession have taken place following

dredged material disposal.

The physical habitat alteration resulting from dredged material

disposal may persist for long or short periods of time  Holliday, 1978!.

This depends on the nature of the material and the effectiveness of

natural phenomena in restoring predisposal conditions. At one study

site, dredged material migrated outward from the center of the disposal

area; as it did, benthic communities were affected. At other sites,

there was a reasonably rapid return to predisposal conditions so far as

physical and chemical characteristics of the sediment were concerned,
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since impacts not onl are ex ected but also within a

disposal area. To prohibit impacts within a disposal area would be

as irrational as prohibiting impacts of solid waste disposal within

a sanitary landfill site; it is recognized that disposal will have an
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but this was not accompanied by a concurrent return of the benthic

community to predisposal conditions.

Where changes in the benthic community did occur as a presumed

effect of dredged material disposal, there is little that can be said

as to whether these changes were adverse. As noted above, many of the

communities are poorly understood and the substitution of one species

assemblage for another cannot be easily evaluated. In general, a decrease

in biomass or in the number of organisms present would be considered

undesirable as would the establishment of a completely different community

from that which existed prior to disposal. On the other hand, it appears

that many years of disposal at the ADFI site in Long Island Sound was, at

least in part, responsible for the creation of conditons which have led

to increased populations of lobsters. Likewise, open-water disposal in

Lake Superior resulted  at least on a short-term basis! in an increase

of organisms which are considered to be an important component of the

diet of fish species of recreational and commercial importance  Wright

et al., 1975!. In the former instance an enhancement seemed to result

from the dredged material providing a more suitable substrate for burrow-

ing animals such as lobsters, and, in the latter, the deposition of

organic material upon a relatively sterile bottom increased the population

of detritus feeders.

The A3FI were primarily concerned with impacts within a designated

disposal area. This focus is important in application of the results



impact and that such an impact may be deleterious within the disposal

area. In essence, a worst-case approach was employed in that it was

assumed that, if impacts were minimal within the dispasal area, they

would almost certainly be less outside of the dispasal area. There is

no firm reason to suspect that this was not the case, but it should be

recognized that a lack of effects outside the disposal area is, in

general, assumed and has not been exhaustively demonstrated.

CONCLUSIONS

It appears that open-water disposal of dredged material may generally

have a negligible impact. upon physical, chemical, and biological

variables. However, the impacts that were observed in the field or

indicated in the laboratory studies were usually site-specific, suggesting

that the results cannot be universally applied or cited as being con-

clusive in all situations.

The release of manganese and ammonia during and after disposal

may pose a problem in some cases, and there is limited evidence that this

conclusion may also apply ta iron, mercury, and PCB's. This factor

must be addressed by adequate biochemical evaluation prior ta dredging

and through the use of the appropriate regulations concerning discharge

evaluation procedures. Aquatic disposal does cause temporary physical

effects on the benthic community, but the ecological significance af

the effects is not clear. There i.s a general lack of understanding

concerning the ecological role of mast benthic organisms; a shift in

community structure, organism abundance, ar other parameters is almost

impossible to categorize as good, bad, or indifferent. Most of the

impacts appeared to be physical in nature  burial ar smothering! although



it was not possible to completely rule out chemical  toxic! effects.

Overall, most impacts seemed to be relatively short-term. The

condition of the water column associated with disposal generally returned

to ambient within minutes to hours. Chemical changes in the sediment

persisted for days to weeks  where they occurred at all!, while physical

changes often lasted for several months. An exception concerned PCB's;

however, PCB's are a rather unusual constituent of dredged sediment, and

the fact that they were detectable long after disposal at some sites is not

an indication that other contaminants behave in a similar manner.
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DREDGED MATERIAL: A MANAGEABLE RESOURCE

By Thomas R. Patin

ABSTRACT

For the most part, dredged material produced as a result of dredging

operations to maintain the nation's navigable waterways has been treated

as a waste product. However, the Corps of Engineers  CE! has changed its

perspective towards dredged material to view it as a potentially produc-

tive resource. To foster this new philosophy, the Productive Uses Project

has been included as an integral part of the Dredged Material Research

Program  DMRP! being conducted at the U. S. Army Engineer Waterways

Experiment Station in Vicksburg, Mississippi. The objectives of this

project are to identify and assess concepts for the productive use of

dredged material and dredged material containment areas and to develop

specific information and guidance to help district offices implement

productive use concepts.

This paper discusses the findings of the Productive Uses Project.

The major topic areas to be covered will include:

a. Upland disposal concepts development

b. Land improvement concepts

c. Products development

d. Disposal area land use concepts.

IManager, Productive Uses Project, Environmental Laboratory U. S. Army

Engineer Waterways Experiment Station, Vicksburg, MS 39180
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INTRODUCTION

In March 1978, the Environmental Laboratory at the U. S. Army Waterway

Experiment Station completed the 5-year Dredged Material Research Program

 DMRP!. The overall objective of the DMRP was to determine the environ-

mental impacts of dredged material disposal and to develop feasible

alternatives to enhance the beneficial and reduce the adverse impacts of

both land and water disposal �!.

Productive Uses

A major concern of the DMRP is to consider dredged material a manage-

able resource. This consideration, explicitly stated in the program's

objective, is the guiding philosophy of the Productive Uses Project  PUP!,

one of four project areas within the DMRP  Figure 1!. In considering

dredged material a resource, a dual objective i.s achieved. Not only is

dredged material disposal conducted in an environmentally compatible manner,

but a resource normally wasted is put to productive use. This productive

use includes not only the use of the disposal site but also the use of the

dredged material.

The basic objective of the PUP is to provide definitive information to

Corps' Districts and other interested parties on the feasibility of using

dredged material productively as an alternative disposal method. The

approach was to identify the potential productive uses, then through
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DREDGED MATERIAL RESEARCH PROGRAM
TECHMCAL STRUCTURE

Pro' t/Task Ob'ective

Erwirwunmtal Impacts and Criteria Development Project

I A Aquatic Disposal Field investigations Deterinine the magnitude and extent of' effects nf disposal sites on
organisms and the quality of surrounding water, and the rate, chvcrsity,
and extent such sites are recolonized by benthic flora and fauna.
Develop techniques fnr determining the spatial and temporal distribution
of dredged matenal discharged into various hydrologic regimes
Determine ona regional basis the shori- and long.ierm effects on water
quahty due to dredging and discharging bottom sediment cnnraining
pollutants.
Determine on a regional basis the direct and indirect effects i!n aquanc
organisms duc to dredging and disposal operations.
Develop techniques for determining the polluiioual properties oi' variniis
dredged matenal types on a regional basis.
To characrenre the effluent and leachate from confined ihsporat
I'aciliiies, dcterrninc the magnitude and extent of contamination ni'
surrounding areas, and evaluate methods oi control.

IB Movements of Dredged Material

1C Effects of Dredging and Disposal on Water
Quality

ID Effects of Dredging and Disposal on Aquatic
Organisms

1E Poflution Status of Dredged Material

2D Confined Disposal Area Effluent and Leachate
Control

Habitat Development Project
2A Effects of Marsh and Terrestrial Disposal Identification, evaluation, and nioniionog iif specnfic dioii ierin mid

snore general long-term effects of confined and unconfined disposal of
dredged material un uplands, marsh, and wetland hsbitats.
Development, testing, and evaluation of the envirorunental, ei;onoinic,
and engineering feasibibty of using dredged maienal as a substrate for
marsh developmen t.
Development and appbcation of habitat managemeiii inethodoiogies to
upland disposal areas for purposes ni' planned liabiiai creation,
reclamation, and mitigation.
bvalua ion and testing oi the environnienial, economic, and engineeriog
feasibility of using dredged material as a substrate t'nr aquatic Iiabitat
development.
investigation, evaluation, and testing of methodologies for habitat
creation arid management on dredged inaterial islands.

4A Marsh Development

48 Terrestrial Habitat Development

4E Aquatic Habitat Development

4F Island Habitat Development

Disposed Operations Prvrject

2C Containment Area Operations Developinent of new or improved methods For the nperatiim aod
management of conlined disposal areas and associated ibcilities.
Development and testing of promising techruques for dcwaicnng or
densifying dredged marerial using mechanical, biological. and/orciicinical
techniques prior to, during, and after placement in c<miaiiuneni areas.
Investigation of dredged material improveoient and reiiarnfluig
procedures aimed at permitting the removal of roateriai frnm
containment areas lor landKI or other uses elsewhere.
Evaluation of physical, chemical, and/or btologicat mediods ior tiie
removal and recycting oF dredged material constituents.
investigation of the problem of' nirhidity and development oi' a
predictive capabiiity as well as physical and chemical control riiethods
for employment in both dredging and dispos,d <operations.

5A Dredged Material Densification

5C Disposal Area Reuse

68 Treatment of Contaminated Dredged Matenal

6C Turbidity Prediction and Control

Productive Uses Project
Evaluatii>n of new dispnsai possibiiiities such as using aban<ioncd pits
and mines and investigation of systems involving long-distance transport
to large inland disposal facilities.
Evaluation of' the use of dredged material for tiie devefinirnent,
enhancemen , or restorauon of land for agriculture and other uses
investigation of' technical and economic aspects of the manufacture of
marketable products.
Assessment of the iechriical and economic aspects oi the develiipuieni
of disposal areas as land fdl sites and the develop inmit of
recreation. oriented and other public or private iand-use concepts.

38 Upland Disposal Concepts Development

4C Land Irnprovernent Concepts

4D Products Development

5D Disposai Area Land-Use Concepts

Figure j.

NOTE: This technical structure retlects the second major program reevaluation niade after the second fufl year oi research acixiinpiislinieiit
and is effective as of August I9/5.



research determine technical, environmental, and economic feasibility, and

finally, provide guidelines for their implementat.ion.

To achieve these goals the PUP was divided into four task areas: �!

Upland Disposal; �! Land Improvement; �! Products Development; and �!

Disposal Area Land Use. The purpose of this paper is to describe the

research that has been conducted in these task areas and present some of

the findings and conclusions that have been drawn.

U land Dis osal

Locating new land disposal sites for dredged material disposal is

traditionally a function of the various Corps District offices or sponsor-

ing agencies. Additionally these selections have generally been based on

the economics involved and resulted in sites near the dredging operation

and were normally located in the coastal or lacustrine zones. Because of

various social, economic, and legal considerations, these zones have, in

many cases, become practically "off limit.s" for dredged material disposal.

This realization has prompted the DMRP to look into the feasibility of

using upland disposal sites some distance inland from the dredge site.

Once inland, the material could possibly be used productively for reclaim-

ing quarries and sand pits or strip-mined land, etc.

An array of technical, economic, environmental, social, and institu-

tional factors must be addressed for successful inland disposal and pro-

ductive uses. SCS Engineers, under contract to the Waterways Experiment

Station  WES! �8!, conducted an in-depth literature review with the primary

objective being the feasibility of inland disposal. According to SCS,

inland disposal and finally productive uses are feasible, although care

should be taken that all factors be addressed properly. The report de-

lineates these factors and provides guidance on properly addressing them.
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Additionally, the report contains a comprehensive checklist that

decision-makers could use as a basis for determining potential inland dis-

posal sites. The checklist is designed to identify all factors involved

and is designed to be used for  a! site selection,  b! project planning,

and  c! identifying major problem areas.

The second research effort conducted under this task was a comprehen-

sive evaluation of transportation alternatives available for movement of

dredged material inland. Souder et al. �6! conducted a cost and engineer-

ing evaluation of long-distance transport of dredged material by pipeline

 both hydraulic and pneumatic!, barge, rail, truck, and conveyor belt

systems. Cost and "how to" data were developed, and although hypothetical,

these should offer sound information for planning and designing for long-

distance transport systems. Concept systems are developed for each trans-

portation mode to guide the planner or designer in evaluation. It is

realized that many major cost items are very site-specific and could not

be adequately covered within the text. Therefore, such items as specific

terrain conditions, transportation route, right-of-way, water quality

standards, noise standards, etc., are flagged, discussed, and referenced

for more in-depth study.

Land lm rovement

The land improvement task within the PUP was basically directed at

determining the technical feasibility of enhancing nonproductive land with

dredged material. The emphasis was on fine-grained dredged material and

the specific topics addressed were:

a. Dredged material as a soil for reclamation of strip-mined land.

b. Dredged material as an agriculture soil and/or soil amendment.
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c. Dredged material in conjunction with solid waste management.

Although legislation exists today which directs reclamation of all

future strip-mined land, there still exist thousands of acres of barren

strip-mined land from previous mining operations. It is felt that the

Corps could provide a valuable resource through the use of fine-grained

dredged material as a cover for barren acid-producing strip-mined land �7!

A field demonstration of strip-mined land reclamation with dredged

material has been conducted within the PUP  9!. The demonstration area is

near Ottawa, Ill., and had been mined in the 1930's and was essentially

devoid of any vegetation  Figure 2!. Fine � grained dewatered dredged

material was transported 70 miles from a confined disposal site in Chicago,

Ill., to the Ottawa site. Three feet of dredged material was placed on the

barren strip-mined land to establish vegetation in the area and reduce

acid runoff by shutting off the supply of oxygen and water to the under-

lying pyrite material.

The dredged material and the strip-mined material were chemi. cally and

physically characterized prior to movement; after movement grasses were

planted to stabilize the dredged material and leachates; runoff and vege-

tative growth were and are-still being monitored. Figure 3 is a July 1978

photo of one of the test plots.

A second important research effort under the land improvement tasks is

that of determining the potential of dredged material as an agriculture

soil or as an amendment to a nonproductive soil.

It is realized that the soils of the rich deltas of such rivers as the

Mississippi and the Nile are essentially dredged material deposited at some

earlier date. It is also known that. agriculture has been practiced on

dredged material sites at a number of areas in the United States and
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Figure 2: Strip-mine site, Ottawa, Ill., before dredged material application.

Figure 3: Strip-mine site after application of fine-grained dredged material.
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Europe. For instance crops have been grown on disposal sites in Savannah

and Charleston Corps Districts. Cattle have grazed on disposal sites in

the Tulsa District. The problem however was that these were essentially

happenstance and could offer no concrete guidance for large-scale future

use of dredged material in agriculture.

In. an effort to produce such guidelines the PUP contracted the USDA

Science and Education Administration for the purpose of evaluating dredged

material as an agriculture soil and/or soil amendment. Dredged material

from ten disposal sites within the eastern and central United States was

used in greenhouse plant growth experiments. Aft'er collection the samples

were physically and chemically analyzed, mixed, and seeded with rye and

barley �!. The crops were harvested three times for plant productivity

measurements .

Generally, the addition of a fine-grained dredged material to a coarse-

grained nonproductive soil will increase plant productivity over that of

the nonproductive soil. Therefore, it was concluded that dredged material

can be used for increasing agricultural production when mixed with marginal

agricultural soils. However, caution should be exercised in using dredged

material which has weeds, is high in soluble salts, and with higher than

normal concentrations of heavy metals.

A third possible productive use pursued in the Land Improvement Task

is that of using dredged material in solid waste management. This re-

search effort, conducted in-house at %1ES, examined the physical properties

of dredged material to evaluate its potential in sanitary landfills �!.

It was found that once dredged material is dewatered it is essentially

a soil and can be treated as such. The fine-grained dredged material could

be used for covers and liners whereas the coarse � grained materials could be

used as gas vents and leachate drains. The study also takes the idea one
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step further and develops some concepts for the actual use of dredged

material in sanitary landfills.

The final research effort in this task was the production of a

synthesis report or guidelines for the use of dredged material in land

improvement. These guidelines cover the use of dredged material in strip-

mine reclamation, agriculture use and sanitary landfills �7! and are

basically a culmination of the findings of the Upland Disposal Concept

Development and Land Use Concept Tasks within the PUP plus input from other

selected DMRP work units. Other DMRP tasks  Figure 1! that supplied major

input to final feasibility are: Dredged Material Densification and Dis-

posal Area Reuse Tasks in the Disposal Operations Project and the Confined

Disposal Area Effluent and Leachate Control Task in the Environmental

Impacts and Criteria Development Projects

Products Develo ment

The objective of the Products Development Task was to determine if

marketable products can be developed from dredged materia]., whether it be

the use of the material itself or possibly the use of the disposal site.

It was reasoned that if it can be shown that a product of substantial

economic value can be produced from dredged material or the disposal site,

the incentive for a landowner to allow his land to be used for dredged

material disposal purposes may result. The approach was to identify the

products and determine their feasibility.

In 1974, a concept study was conducted to determine the potential

of using containment areas for the production of lawn sod, horticultural

crops, etc.  I! The study concluded that commercial production of

horticultural crops on disposal sites is possible although subject to a

number of constraints such as reuse of the site for disposal of dredged
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material, soil conditions such as salinity, marketing problems, site size,

site location, etc.

A second products study was conducted to determine the feasibility of

using active and/or inactive disposal areas for mariculture purposes �1!.

Part of the study was a literature review in which it was concluded that

approximately 400 different species of animals and plants could possibly

be raised if the correct environmental setting could be developed. The

second part of the study was a pilot shrimp mariculture experiment in which

brown shrimp  Penaeus aztecus! were successfully raised in two small ponds

in which fine-grained dredged material had been placed.

Based on the findings of the pilot study, a semi-prototype shrimp

mariculture field project was conducted �0!. Twenty acres of an existing

l58-acre disposal site in Freeport, Texas, were diked off and seeded with

approximately 700,000 juvenile shrimp in September 1976. Results have

shown that even without feeding the shrimp grew from approximately ~< in. to

about 5 in. in 40 days. This is comparable to growth of shrimp in their

natural environment. Complete grow-out was not possible because of the

unseasonably severe cold weather in the fall of 1976. On the other hand, it

is felt that if the shrimp could have been put in the pond earlier, much

larger shrimp could have been harvested. An economic as well as technical

analysis is included in the final report.

Bricks and synthetic aggregates also hold some possible application

for products development from dredged material. No specific research

efforts were pursued in this area within the PUP because of ongoing research

elsewhere within the United States. On the other hand, these efforts were

closely monitored. The basic conclusion was that these products could be

produced although market conditions for such products presently do not
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provide suf f icient incentive for commercial development �2! .

Dis osal Area Land Use Conce ts

The objective of the fourth task within the DNRP was to obtain infor-

mation to facilitate planning and implementation of concepts for the

ultimate use of dredged material containment areas. It would be hard to

find a major port today that has not used material dredged from harbors or

waterways to create new land for development. However, in many past cases

where dredged material has been confined, there has been little thought

given to the subsequent land use of containment areas. Often, the dredged

material containment area is left as a wasted resource, or haphazardly

developed, not in harmony with nearby land use. Research in this task

generally addressed the "softer" issues associated with the ultimate use

of dredged material containment areas. The task examined existing concepts

for the use of dredged material to create land and concurrently assessed

the economic, technical, environmental, institutional, legal, and social

incentives and constraints to the development of dredged material contain-

ment areas. From this research, a rational basis for deciding upon the

site selection, ultimate land use, and management of the created land can

be attained �9!.

The research first documented the many different examples for the

productive use of existing dredged material containment areas. The

examples were obtained from published literature, project descriptions,

and discussions with persons knowledgeable about aspects of dredged materi-

al disposal. All non-habitat uses of dredged material containment areas

were covered in the study �!.

The following land use categories are recognized as existing and/or

potential categories where productive uses of dredged material containment

areas are possible:
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recreational

industrial/commercial

material transfer

waterway related

multiple purposeagricultural

public service/municipal

The results further indicate that the more successful recent ventures had
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better site selection methodologies and overall planning management.

The second and perhaps one of the most important research efforts

conducted in the task was a study of 12 selected cases where land use of

dredged material containment areas was a specific objective �!. This

study sought to discover what issues were raised during the projects, why

some issues were more important than others, and how the issues were

addressed. Along with the issues the study identified physical planning

elements affecting disposal facility and productive land use planning.

This study produced a list of implementation factors for the disposal

and productive use of dredged material containment areas. These factors

were both substantive and procedural, addressing the full range of planning

and engineering problems. The factors are broken down into: environmental,

technical, economic/financial, legal, institutional, and planning imple-

mentation categories. These 37 factors address the full range of substan-

tive and procedural considerations that are necessary when contemplating a

productive use of dredged material containment areas. Table 2 lists the

implementation factors.

The documentation of examples of dredged material land use showed that

the most prevalent use of dredged material containment areas was recreational.

An earlier study conducted under the task examined the potential for creat-

ing recreation land from dredged material �5!. In particular, the research

looked at whether land created from dredged material could fulfill urban



Table 2: Factors Affecting Disposal-Productive Land Use Projects �!

ENVIRONMENTAL

1. Ecological characteristics of proposed disposal area location.
2. Environmental impacts of disposal-productive use projects.
3. Dredged material pollution properties.

T ECHN ICAL

1. Dredged material structural properties.
2. Disposal area subsurface conditions.
3. Disposal facility design and operating characteristics.
4. Site size and configuration  as related to productive use!.
5. Technical coordination of disposal plan with productive use plan.

ECONOMIC/FINANCIAL

l. Economic or social benefits  costs of the disposal-productive
use project!.

2. Engineering and construction costs.
3. Dredged material transport costs.
4. Fees or taxes on dredged material.
5. Project sponsor capability to assume financial responsibilities.

LEGAL

1. Conformance with regulatory requirements.
2. Adequacy of environmental impact assessment or statement.
3. Disposal rights to the site.
4. Site ownership authoriti.es  as related to productive use!.
5. Land use restrictions.

INSTITUTIONAL

1. Public participation in disposal-productive use planning.
2. Coordination with project sponsor.
3. Coordination with review-regulatory agencies.
4. Coordination with planning agencies.
5. Procedures for identifying and resolving objections to the project.
6. Corps and other participant attitudes.
7. Political, business, and public support.

PLANNING/IMPLEMENTATION

1. Long-range Corps disposal planning.
2. Long-range waterway/environmental planning.
3. Dredging project specification.
4. Temporal coordination of disposal plan with productive use plan.
5. Availability of environmental data.
6. Evaluation of alternative disposal areas.
7. Impacts of disposal-productive use project on existing water uses.
S. Proposed use compatibility with adjacent land uses.
9. Proposed use compatibility with master plans.

10. Proposed use compatibility with available transportation systems
and infrastructure.

11. Proposed site plan compatibility with site physical features and
user requirements.

12. Commitment to proposed land use plan.



demand, for recreation. Most urban areas suffer from s severe lack of

recreational opportunities, especially for the poor and the aged. Possibly,

the productive use of dredged material to create land could alleviate this

lack of recreational opportunity. The socio-economic aspects of such an

undertaking were examined during numerous visits to CE Districts and

planning agencies with jurisdiction in waterfront areas.

The study found that dredged material containment areas in urban areas

could be developed into needed recreational facilities despite constraints

associated with the quality of the material, the single purpose nature of

dredging projects, and competing land uses. Proper employment of the multi-

objective planning process in conjunction with local authorities including

projects sponsors, port commissions, and similar agencies would be required.

A more complex question arises as to the funding of such recreational

projects. The study concludes that present funding regulations do not appear

adequate to foster the development of dredged material containment areas as

recreational sites. Perhaps, provisions for modifications to present policy

and regulations �! can be made to promote such a concept.

The fourth study conducted under the task was designed to identify

and evaluate laws and regulations affecting the land use of dredged materi-

al containment areas �3!. All Federal statues and a selected number of

state and local statutes were included in the scope of the study.

The Federal legislations considered to be the most important impacting

the land use of dredged material containment areas are:

The National Environmental Policy Act.

The Federal Water Pollution Control Act Amendments of 1972.

The Coastal Zone Management Act.

The Fish and Wildlife Coordination Act.

The Endangered Species Act of 1973.
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Of these, the Coastal Zone Management Act is of particular interest. Under

this act, each state is required to develop a plan for its own coastal zone.

Once this plan is developed and approved under the act, all Federal agencies

must comply with the intent of the plan  8!. Thus, the CE may have to work

with the Coastal Zone Management agencies of individual states to effective-

ly plan for the land use of dredged material containment areas.

The report also speculates about future trends in both state and

Federal law. The impact of these trends on the CE is discussed along with

an evaluation of their effect on the land use of dredged material contain-

ment areas. It is also an excellent compendium of existing laws and regu-

1ations, although these laws are subject to rapid change.

Despite the recent environmental upswing, economics still plays a vital

role in the success of any project. Therefore, the final study conducted

in the task attempts to develop a methodology for determining the value and

associated benefits of the land use of dredged material containment areas

�4!. Again, the case study approach was used to document the value of

existing projects and to extrapolate this knowledge to a general methodo-

logy for predicting the value and associated benefits of future projects.

Thus far, a framework methodology has been developed that can be used by

planners and engineers to predict the value of a proposed land use of

dredged material containment ares.

The study has documented a number of case studies in which the land

value created from dredged material is significant when compared with

other project benefits. A preliminary suggestion is that the CE should

consider the ultimate land use of the dredged material obtained from

navigation projects in the cost-benefit analysis of such proj ects.
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The final and most important output of this task is the set of guide-

lines for the productive uses of dredged material containment areas.

These guidelines are aimed at the planning and implementation considerations

and are essentially a culmination of the most significant and relevant infor-

mation of the other research efforts in this task.

The audience for this report is not only the engineer and scientist,

but the planner as well. Many of the findings are in terms of general

planning considerations that should be of concern to all disciplines. The

planning considerations presented are based on results of the research and

are most important for the success of a productive land use product.

The "soft issues"  social, economic, legal, and institutional! more

often than not determine the success or failure of a dredging and/or

disposal project, and to properly address all these factors a systems

approach should be used. In conjunction with the systems approach, a

planning process is required that would allow CE planners and engineers to

work more closely together. This multi-objective planning process approach

already adopted by the CE for use with other water and related land resource

projects �! should be used for the productive land use of dredged material

containment areas.

The research work accomplished under the DMRP has helped to identify

and provide solutions to many of these problems. However, the proper

application of a multi-objective planning process is needed to ensure that

all factors are properly addressed and the concerns of all interested

parties are included. The combination of a systems approach and the multi-

objective planning process can bring about the productive land use of

dredged material.
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SUMMARY AND CONCLUSIONS

The disposal of dredged material is a major problem confronting coastal

and waterway areas in the United States. However, numerous examples of the

productive uses of dredged material show that. it can indeed be a valuable

resource.

The PUP and the DMRP have established the technical feasibility of

productive uses of dredged material. On the other hand, there are a number

of policy and planning issues that must be addresssed to enhance the pro-

duct use alternative to conventional disposal. These policy and planning

issues were developed after examination of the myriad of problems that

impede the wide use of productive use options. Until they are addressed

the productive use of dredged material will not be fully realized �0!.

These issues are listed below:

1. Corps advocacy role in disposal-productive use planning.

2. Corps advisory role in disposal-productive use planning.

3. Evaluation criteria for disposal-productive use alternatives.

4. Financing of disposal-productive use projects.

S. Application of the Principals and Standards and Corps multi-

objective planning procedures to disposal-productive use planning.

6. Expansion of Corps role in Corps-sponsor relationships for

operations and management.

7. Legislative recognition of disposal-productive use concepts.

Plannin Issues

l. A multidisciplinary team approach to disposal planning in Corps

District offices,
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2. Encourage more cooperative interagency, intergroup participation

in planning disposal-productive use options.

3. Development and application of a holistic or systems approach to

dredging-disposal-productive use pro]ect planning.

4. Establishment of long-term, regional, comprehensive plans for

dredged material disposal-productive use alternatives.

5. Development of land use planning expertise within the Corps.
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DREDGINGS CONTAINMENT AREAS AS SEDIMENTATION BASINS

1 2 3
D. K. Atmatzidis , R. J. Krizek , and B. J. Gallagher

ABSTRACT

The sedimentation regime that exists in a dredged material contain-

ment facility affords one of the primary means by which suspended solids

can be controlled in the supernatants that are discharged from the dis-

posal site. The concentration and nature of the suspended solids in the

effluent supernatants depend on a multitude of factors, including the

concentration and nature of the inflow slurry, the size of the disposal

area, the relative locations of the discharge pipe and the effluent

sluicing device, the degree of channelization in the flow, the retention

time of the fluid, the direction and velocity of the wind, and the extent

of the vegetation.

The solids retentio~ capability of eleven disposal areas was deter-

mined on the basis of the suspended solids concentration in the influent

slurry and the effluent waters. The performance of containment areas as

sedimentation basins is strongly correlated with the hydraulic efficiency

of the area. Insufficient retention time due to shallow ponding depth,

small surface area, and excessive inflow rate has a detrimental effect

on the settling effectiveness of disposal areas. Predictions based on

conventional sedimentation theories tend to underestimate the performance

of the dredgings containment areas that were studied.

1Assistant Professor of Civil Engineering, The Technological Institute,
Northwestern University, Evanston, Illinois 60201
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University, Evanston,. Illinois 60201

3President, Brian J. Gallagher Company, Elm Grove, Wisconsin 53223

69



SETTLING PROCESSES

Sedimentation basins for the removal of suspended particles have been

used extensively for the treatment of water, sewage, and industrial wastes,

and they are now finding applications in other areas, such as the disposal

of dx'edged material. In general,, the phenomenon of sedimentation depends

on the characteristics of the suspended particles and the sedimentation

basin. Theories to describe sedimentation in an ideal regime of hoxizontal

laminar flow were developed over 70 years ago  Hazen, 1904! and subsequent-

ly modified and extended  Camp, 1946!. Nethodologies were advanced to

account for the effect of non-ideal mixing and dispersion in real basins,

and significant effort has been put forth in recent years to develop models

that predict sedimentation patterns for cases of discrete or flocculated

particle settling.

Settlin Veloci of Sus ended Particles

Particles settling out of suspension acquire a velocity which depends

on their size, shape, and volumetric concentration, as well as the visco-

sity and density of the fluid. Appropxiate flocculating agents are often

used to increase settling velocities by causing particle agglomeration. A

discrete particle is one that does not alter its size, shape, and weight

during settling. When such a particle settles through a quiescent fluid,

it acquires a uniform settling velocity, v , which, for low Reynolds
s

numbers  R a 1!, can be written as

v D  Stoke's Law!
18',

where y i,s the unit weight of the solid particle, p is the unit weight

of the fluid, y is the absolute  dynamic! viscosity of the fluid, and D
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is the equivalent diameter of the settling particle.

The settling of a group of particles is different from that of a

single particle due to interference among the individual particles. For

low concentrations of solids this effect is insignificant, and the settling

may be reasonably assumed to be discrete. When the concentration increases,

the particles reduce the area through which the displaced fluid moves up-

ward, and this results in an increased fluid velocity and a lower settling

velocity. The terminal settling velocity of a particle in hindered set-

tling, v , is usually expressed in terms of its terminal velocity in dis-

crete particle settling, v , as
s

v =v f C!
s v

�!

where f C ! is a function of the volumetric concentration of suspended

particles. Many attempts have been made to take hindered settling into

consideration, and a variety of formulae have been proposed to calculate

values for the function, f C !  Hauksby, 1951, Richardson and Zaki, 1954;
v

Loeffler and Ruth, 1959; Oliver, 1961!. Although most of these formulae

are quite complicated, Richardson and Zaki �954! proposed the following

expression, which is based on extensive experimental investigations and

widely used because of its simplicity:

f C!= l-C!
v v

�!

where the exponent, n, is determined experimentally; a value of 4.65 is

recommended  Lin, 1976! for settling of fine soil particles.

Various theoretical models have been developed to describe the kine-

tics of particle aggregation during flocculation  Overbeck, 1952; Jovanovic,

1965!. In general, these studies have ignored the inf luence of certain



important factors by introducing simplifying assumptions, thereby casting

suspicion on the ensuing results and recommendations. Available experi-

mental information on flocculent settling  Camp, Root, and Bhoota, 1940;

McLaughlin, 1961; Hamin, 1967! is limited and somewhat unreliable, due

primarily to the poor replication of floes with identical properties.

Zone settling frequently occurs in wastewater treatment plants that

employ activated sludge and flocculation processes. If the concentration

of the activated sludge and flocculated chemical suspensions exceeds

500 mg/E, the floe particles will adhere together and the suspended mass

will settle as a blanket  Eckenfelder, 1966! which forms a distinct inter-

face between the flocculated sediment and the supernatant liquid. Zone

settling and hindered settling are frequently used interchangeably,

although there exists a distinct difference between the two. Strictly

speaking, hindered settling develops if the concentration of discrete

particles is high, while zone settling is intimately related to flocculent

suspensions.

Settlin Basin Performance

The performance of sedimentation tanks or basins is evaluated i.n terms

of the suspended particle removal effectiveness that can be achieved during

the time that waters are retained in them. Under ideal conditions the

retention time of waters is equal to the theoretical retention time, but

conditions is sedimentation basins often deviate from ideal and their

removal effectiveness may be reduced accordingly. In order to devise a

framework for the formulation of discrete particle settling in continuous-

flow basins, the following simplifying assumptions must be introduced

 Fair, Geyer, and Okun, I968!;  a! Within the settling zone of the basin,

sedimentation takes place exactly as in a quiescent suspension of equal
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depth,  b! the flow is steady, and, upon entering the settling zone, the

concentration of suspended particles of each size is uniform throughout

the cross-section normal to the flow, and  c! a particle that settles is

not resuspended. The proportion, P, of removed particles with a settling

velocity, v, is given  Hazen, 1904; Fair, Geyer, and Okun, 1968! by
s

V
s

p
Q/A

nv -1/n

P= 1 - 1+Q/~! �!

where n is a performance coefficient for the basin and ranges from zero

 best performance! to unity  very poor performance!,

In an ideal basin fluid displacement is steady and uniform, and each

unit volume of fluid is theoretically retained for the same period of

time. However, even in well-designed settling basins, some of the inflow

reaches the outlet in less than the theoretical retention time and some

takes much longer, Thus, only a certain portion of the surface area of
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where Q is the mass flow rate, A is the surface area of the basin, and Q/A

is called the surface loading.

The effectiveness of settling basins is reduced by  a! eddy currents

caused by the inertia of the incoming fluid,  b! wind-induced currents

when basins are not covered,  c! thermal convection currents, and

 d! density currents  cold heavy water flows berreath the warm lighter water

of a basin surface!. Each of these currents may contribute to upsetting

the settling process. According to the classical Hazen theory, the pro-

portion, P, of particles removed in a real basin, where currents reduce

the efficiency, is given  Fair, Geyer, and Okun, 1968! by



the basin is active, while little or no flow passes through the remaining

space. This phenomenon  short-circui ting! may be caused by one or more of

the following factors;  a! inadequate mixing in the basin,  b! high inlet

and outlet velocities, as compared with the translational velocity in the

basin, and  c! density or temperature differences. The analytical

description of short-circuiting is difficult due to the complex nature of

the phenomenon. Although model studies can be used, the scale effects

distort the results and create difficulties in applying them to prototype

conditions. Tracer studies in the prototype itself produce the most

reliable results  Camp, 1946; Fair, Geyer, and Okun, l968!, but such

studies, conducted after a basin has been actually constructed, Lead only
to remedial measures.

Based on assumptions similar to those introduced to determine basin

effectiveness in discrete particle settling, O' Connor and Eckenfelder

�958! developed a method to estimate the percentage of suspended particles

removed by flocculent settling in sedimentation basins. Subsequently, a

model describing the processes of flocculent settling was developed by

Void �963! and supported by the findings of other investigators

 Sutherland, 1967; Lagvankar and Gemmell, 1968; and Zavaheri and Dick,

1969!. A general simulation model for discrete and flocculent settling

in ideal basins has been developed by Chang �972!, and Lin �976!

extended this model to include complete-mix conditions with or without

hindered settling and short circuiting. However, the results of these

studies are primarily qualitative and do not Lead to a simple methodology

or approach for the design of real sedimentation basins.
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APPI,ICATION TO DREDGINGS CONTAINMENT AREAS

A dredged material containment facility can be visualized as consist-

ing of three zones. In the first zone, which consists of the vicinity

around the discharge pipe, the fill surface varies significantly, channeli-

zation of flow occurs, slurry concentration is very high, and sediments

are frequently disturbed and resuspended because of disposal operations.

Ln the second zone, which can be considered to act as a sedimentation basin,

a slow, essentially horizontal flow prevails in a completely and continu-

ously inundated area with a relatively constant width. In the third zone,

which consists of the vicinity around a sluicing device  usually an over-

flow weir!, flow converges, both horizontally and vertically, towards the

area of release, and flow velocities increase with decreasing distance from

the sluicing device.

Dredged material consists of particles that range in size from grave1

and sand to silt and fine clay. Correspondingly, the shape of dredged

material particles varies from well-rounded to rod-like and disk-like.

Equation 1 can be used for spherical particles that are less than LOO g

in diameter, because Reynolds numbers are less than unity. For rod-like

and disk-like spheroidal particles, this velocity is reduced by up to 25/

 Fair, Geyer, and Okun 1968!. Thus, the discrete settling velocity of

particles in the clay-size portion of dredged material would be somewhat

smaller than the velocity computed by use of Equation 1, but adequate docu-

mentation is not available to substantiate a definitive modification to

this equation.

It is evident that the settling velocity of particles, as determined

by Stoke's Law, is always reduced due to the effect of hindrance. Accord-

ing to Equation 3, for a volumetric concentration of suspended solids equal
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to 0,100, 0.010, and 0.001, the reduction of particle settling velocity

with respect to discrete settling is 38.7 percent, 5.4 percent, and 0.5

percent, respectively. Dredged material slurries pumped into a disposal

area seldom have a solids content of more than 20 percent to 25 percent hy

weight, which corresponds to a volumetric concentration of about O,IO.

However, all coarse particles  such as gravel, sand, shells, and coarse

debris! and large clay lumps settle out of suspension quickIy, and the

concentration of suspended solids in the waters that are flowing toward the

outflow is substantially reduced. Thus, for the major portion of a given

disposal area the reduction in the discrete settling velocity of suspended

particles would probably not exceed 10 percent, and for areas close to the

overflow weirs, where supernatants have been substantially clarified, the

reduction should be less than 1 percent,

In the case of dredged material disposal areas where sedimentation is

the only means by which supernatants are clarified, flocculent settling is

involved when fine-grained bottom sediments discharged into the area are

in a natural flocculent condition. The degree of flocculation of fine-

grained sediments depends on numerous factors  such as water salinity and

particle mineralogy!, and it is very difficult, if not impassible, to deter-

mine the hydrodynamic behavior of such material in a sedimentation basin.

A simple and convenient approach  Krizek, Fitzpatrick, and Atmatzidis,

1976! involves conducting hydrometer tests without the addition of a dis-

persing agent, assuming that the grain sizes resulting therefrom are

representative of the material, and using these grain sizes to estimate the

removal efficiency of a given disposal area. It should be pointed out that

flocculent settling becomes a significant factor if the formation of floes

is generated artificially by introducing coagulants into the water.
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Artificially induced flocculation is widely practiced in wastewater treat-

ment and more recently in surface mine siltation control. However, such a

practice is still considered uneconomical in dredged material disposal

operations, and it is used only if no other alternative is feasible, Since

the available sites for dredged material disposal are in short supply and

the effluent quality requirement is becoming increasingly stringent, it is

anticipated that artificial flocculation could become an integral part of

containment area operations.

The process of zone settling may develop only when flocculated suspen-

sions of high solids concentration are encountered. Since dredged materials

in their natural state may somet mes exhibit the characteristics of a floc-

culated suspension  perhaps in a salt-water environment!, zone settling

may be a significant process in certain sedimentation basins. However, no

simple means are presently available to incorporate zone settling into a

mathematical model describing the sedimentation regime in a disposal area,

and, since the development of appropriate theory is not within the scope

of this study, no pertinent recommendations regarding zone settling will

be advanced.

In the absence of any documented or accurate sophisticated methodology

for predicting the sedimentation regime in dredged material containment

facilities, a simplified approach can be utilized to obtain first-order

approximations. Experience indicates that it is practically impossible

to prevent the creation of currents  eddy, surface, convection, and density

currents! in disposal areas. Inevitably, the clarification effectiveness

of a disposal area will be reduced by currents, but the extent of this

effect cannot be predicted with any degree of confidence.
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To expedite the determination of the concentration of suspended

solids in disposal area effluents, Krizek, FitzPatrick, and Atmatzidis

�976! combined Equations 1 and 5 and developed a nomograph presented in

Figure 1 on the basis of the assumptions that  a! the performance coeffi-

cient, n, is equal to unity,  b! the mass of particles with equivalent

diameters smaller than 0.1 micron is negligibIe,  c! the masses of parti-

cles smaller than 1 micron and 10 microns are not more than 20% and 50%

by weight, respectively,  d! all particles larger than 10 microns will be

removed by sedimentation, and  e! the gradation curve between the 10

microns ahd 1 micron sizes and between the 1 micron and 0.1 micron sizes

is a straight line, if gra.-n sizes are plotted on an arithmetic scale.

Based on the second and third assumptions, the ten gradation curves shown

in Figure 1 were selected to cover the range of gradations expected in

dredged bottom sediments. Assumption  e! was made in order to provide a

standard basis for performing the computations necessary to develop the

nomograph. The use of the nomograph is explained as follows:

 a! Determine the value of the surface loading from a knowledge of the

disposal area size and its expected flow rate.

 b! Identify the grain size distribution curve of the bottom sediments

to be dredged and select from Figure 1 the representative gradation curve

that gives the best fit; if hydrometer tests are employed to obtain the

distribution curare, they should be performed without the use of a dis-
persing agent.

 c! Estimate the suspended solids content of the slurry to be pumped
into the disposal area.

 d! Enter the nomograph from the left and move to the right until the

selected representative gradation curve is encountered; then, move up or
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down until the appropriate line representing the percentage of suspended

solids in the slurry is met; finally, exit the right side of the nomograph

and read the concentration of suspended solids in the effluent.

This approach does not take into consideration the effects of

hindered settling, particle flocculation, and short circuiting on the

removal effectiveness of the sedimentation basin. Some or all of these

effects exist in disposal areas and can affect the removal effectiveness

of suspended solids. Since hindrance has been shown to reduce the

settling velocity of discrete particles in disposal areas by not more than

10 percent and most probably by only 1 percent to 2 percent, and consider-

ing the fact that the foregoing approach allows only a first-order approxi-

mation of the removal effectiveness, a correction of the particle settling

velocity, v , by a factor to account for hindered settling would nots

realistically improve the accuracy of the results. It is realized that

flocculent and zone settling processes are much different than discrete

or hindered settling processes. However, flocculent settling will become

a significant factor in the design of disposal areas only when artificial

flocculation becomes a standard practice.

PERFORMANCE OF CONTAIIRENT AREAS

Samples of influent slurries and effluent waters were obtained from

eleven dredgings disposal areas during site visits which were conducted

as parts of extensive research programs  Krizek, Fitzpatrick, and

Atmatzidis, 1976; Gallagher, et a3 , 1978!. According to field personnel,

the conditions at the time of sampling could be considered representative

of the prevailing conditions during dredging and disposal operations at

each site. Pertinent information on the operational conditions of each

containment area at the time of sampling is summarized in Table I. When
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analyses.

The ideal, plug flow, retention time, t, of each area was computed as

Ah

Q

where A is the effective surface area of the basin, h is the average pond-

ing depth, and Q is the influent flow rate. Observed or predicted solids

retention ef fectiveness, E, was computed as

S. � S

z = X 100
S �!

where S and S are the total amount of suspended solids in the influent0

and effluent waters, respectively. Based on the information presented in

Table I the following observations can be advanced:

 a! Good to excellent suspended solids retention was being achieved

at all sites that were sampled; the retention effectiveness ranged from

88 percent to 99.9 percent with a remarkably high average of 97 percent,

 b! Low solids retention effectiveness is associated with low reten-

tion time; increasing retention time appears to improve the solids

retention effectiveness,

 c! Predictions based on the application of classical sedimentation

theories tend to underestimate the solids retention effectiveness of
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not accurately known, effective areas were estimated as a fraction of the

total surface area of the disposal site. Ponding depth is an estimate

of the average depth of water in the containment area. The rate of inflow

was computed as a function of the pipeline diameter. The amount of total

suspended solids in the influent and effluent waters was determined gravi-

metrically. Gradations were obtained according to ASM specifications with

the exception that no dispersing agent was used when conducting hydrometer



containment areas.

According to Equation 5, the maximum retenti.on associated with a

value of v / Q/A! equal to unity is 63 percent, rather than 100 percent
S

which is expected for ideal basins  Equation 4!. For 85 percent removal

of suspended particles, the values of v / Q/A! range from 1.9 for best
V

basin performance to 6.0 for very poor basin performance; these values

imply that, to achieve 85 percent removal effectiveness, the retention

time or the surface area of the basin shoul,d be from two to six times that

required under ideal basin conditions. To achieve higher removal effec-

tiveness would require even more excessive oversizing of settling basins

to compensate for the adverse effects of currents. Therefore, i.t is

believed that use of performance predictions which are made on the basis

of classical sedimentation theory formulations would result in very

conservative designs which, although safe, would obviously be very costly.

This is substantiated .by the fact that observed and predicted solids

retention effectiveness are in agreement for only three of the eleven

sampled areas while predictions underestimate actual performance for the

other eight areas.

Furthermore, consideration should be given to the fact that predic-

tions based on the application of the nomograph in Figure 1 assume poorly

performing  n~l! sedimentation basins. However, excellent performance

 n=0! should not be considered as indicating ideal  plug flow! conditions,

but rather as the case where the adverse effects of currents have been

reduced to a realistic minimum. Thus, it should be expected that pre-

dictions based on good to excellent performance for the sedimentation

basin would approximate better the observed effectiveness of dredgings

containment areas.
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The actual retention time of a containment area is a fraction of the

ideal retention time, and a simple relationship is difficult, if not im-

possible, to establish. Since numerous factors affect the solids reten-

tion effectiveness of a disposal area, it is possible that ax'eas with

higher retention times could have lower retention effectiveness than

areas with lower retention times. The Charleston and Yazoo City-1 dis-

posal areas can be considexed as an examples Although the retention time

of the former is higher than that of the latter �01 hours versus 81

hours!, the Yazoo City-1 area had a better retention effectiveness  98.6%

versus 95 ' 8%!. This effect could be due to a number of factors, including

 a! substantially more fine-grained suspended solids in the influent to

the Charleston area, and  b! very shallow ponding depth in the Charleston

area, which could result in scour and resuspension of bottom sediments.

It appears, therefore, that retention time and ponding depth are

strongly correlated with the solids retention effectiveness of dredgings

containment areas. This condition is best exemplified by the performance

of the Yazoo City-1 and the Yazoo City-2 disposal sites. Both sites have

almost identical influent characteristics  flow rate, and concentration

and gradation of suspended solids!, but Yazoo City-l had a ponding depth

of 8 feet and an ideal retention time of 81 hours, while Yazoo City-2

had a ponding depth of 2 feet and a corresponding retention time of only

15 hours. The solids retention effectiveness was 98.6 percent and 93.0

percent for Yazoo City-1 and Yazoo City-2, respectively. It can be

concluded, therefore, that increased ponding depth and/or retention time

mproves substantially the solids retention effectiveness of a dredgings

containment area.



The effect of ponding depth can further be studied by considering

three of the disposal sites which had the largest effective surface areas;

these are the sites at Savannah, Wilmington, and Mobile which had

effective surface areas of 1000 acres, 600 acres, and 27'5 acres, and

ponding depths of 0.5 feet, 0.5 feet, and 2 feet, respectively. It can

be observed that, although the Mobile site had the largest amount of sub-

micron particIes suspended in the influent slurry �9 g/g versus 14 g/X

for the other two sites!, the achieved solids retention effectiveness

was higher than at either the Savannah or the Wilmington. sites  99.8

percent versus 98.8 percent and 98.6 percent!. It can be concluded, there-

fore, that the beneficial effects on sedimentation of using an oversized

area can be offset by the maintenance of very shallow ponding depths,

which enhance the possibility of scour and resuspension of bottom

sediments.

The retention time is also directly proportional to the rate of flow'

through the containment area. The Willapa disposal site clearly demon-

strates this effect. Although the amount of fines was rather low in the

influent slurry �8 percent by weight finer than 10 microns!, the solids

retention effectiveness was very low  88.5 percent!. It appears that the

inflow rate of 32 cfs was incompatible with the size of the area �2

acres! and resulted in a very smal.l retention time. The diameter of the

pipeline is often selected on the basis of the volume of material to be

dredged within certain time constraints or simply in accordance with the

equipment available to the dredging contractor. It must be emphasized,

however, that the pipeline diameter  and consequently the rate of slurry

discharge! must be compatible with the flow rate that corresponds to the

required settling ef fectiveness of the containment area. The Ilwaco



disposal site had a very low rate of inflow � cfs! which, coupled with a

relatively large ponding depth of 6 feet, resulted in excellent solids

retention ef fectiveness, although the concentrati on of suspended solids

in the influent slurry was very high �11.5 g/j!.

CONCLUSIONS

On the basis of the foregoing information and discussions, the

following conclusions may be advanced:

l. Good solids retention capability is frequently realized in

dredgings containment areas.

2. Sedimentation is one of the primary means by which suspended

solids can be controlled in the supernatants that are discharged from a

dredgings containment area.

3, A simple methodology for accurately describing the sedimentation

regime in a disposal area is not available.

In the absence of a reliable methodology for predicting the pro-

cess of sedimentation in dredged material containment facilities, avail-

able theoretical expressions for the solids removal effectiveness of

non-ideal basins can be used to estimate their performance, but designs

based on these formulations may be unduly conservative,

5, Poor containment area performance is usually due to insufficient

retention time  low hydraulic efficiency!.

6, In some cases high solids retention effectiveness is achieved

by use of oversized areas.

7. There is a strong correlation between hydraulic efficiency and

suspended solids retention; improving the hydraulic efficiency improves

the solids retention effectiveness of an area.
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8, In a given containment area, the largest possible ponding depths

should be realized in order to increase the retention time and improve

solids retention.

9. Pipeline diameter  inflow rate! should be compatible with the

geometric characteristics of the containment area  ponding depth and

effective surface area! to avoid deterioration of the hydraulic efficiency

 retention time! of the area.
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DESIGN OF WEIRS FOR MAINTKVANCE OF EFFLUENT QUALITY

1
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and

Thomas M. Walski 2

Abstract

The suspended solids concentration in the effluent water from an up-

land containment area being filled with fine-grained dredged material can

be significantly influenced by the length of the weir and the depth of the

ponded water, This report presents a procedure for designing and operating

the weir to maintain good effluent quality, given a flow and dredged

material type.

The Waterways Experiment Station's selective withdrawal model developed

by Bohan and Grace, modified to fit observed data, was selected as the

basis of the design procedure. Using this model, nomograms were developed

for the design of weirs. The nomogram relates the flow, weir length,

ponding depth, and effluent suspended solids concentration. The designer

manipulates these four variables until he reaches a satisfactory balance

between weir length and ponding depth, based on his design flow and ef-

fluent goal. Proper operation of the weir can ameliorate the effects of

short-circuiting or an. undersized basin.

l Ph.D. Candidate

Ohio State University
Columbus, OH

2 Sanitary Engineer
U. S. Army Engineer
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Introduction

The quality of the effluent from a dredged material containment

area can be strongly affected by the design and operation of the discharge

weir. The purpose of this study was to develop a weir design and operating

procedure for containment areas to maintain good effluent quality. The

procedure was based on a density-stratified flow hydraulic model. The

model indicated that, for a given dredged material type and discharge flow

rate, the weir length and ponding depth control the effluent quality.

These two parameters provide the designer with two alternate means of im-

proving the effluent quality. Other factors, including the weir location,

shape, and type, were evaluated and used in the design procedure, quantita-

tively in the velocity profile and wei.r length, and qualitatively in the form

of guidance and recommended procedure,

This report contains a design procedure to aid in selection of weir

length and ponding depth for containment areas, The design procedure is

based on a nomogram which, given a design flow, weir length, and ponding

depth, will predict the effluent suspended solids concentration from a

properly designed basin at the end of the basin's service life  worst ease!.

The method was based on data collected at several small sites �3 to 20

acres! and is applicable for fine-grained dredged material from both saline

and freshwater environments.

Conce ts in Meir Desi n for Containment Areas

It is assumed that the reader is familiar with basi,c definitions

pertaining to containment areas. Some concepts which are crucial to under-

standing this report will be discussed below.
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Containment areas

The design procedure is for confined disposal areas. A confined

~dis osal area is a diked area sith an inlet. pipe from the .dredge and an over-

flow weir. The diked area is often referred to as a basin. The plan and

profile views for a typical basin are presented in Figure 1.

Suspended solids
and densit rofiles

When the dredged material is discharged into the basin a high per-

centage of the suspended solids settle to the bottom of the basin. Th se

will be referred to as settled solids. Some of the solids remain suspended

and will be referred to as unsettled solids.

Since suspended solids are constarltly moving downward, the suspended

solids concentration is highest at the bottom of the basin and is lowest

at the surface. A graph showing the change of concentration with depth is

-boun in Figure 1. This type of graph is referred to as ~sus ended solids

concentration prof if lies, or a concentration profile. The slope of the con-

centration pro tile is said to be the concentration gradient.

The ~deceit  mass par unit volume! of the fluid is dependent on the

suspended solids concentration, dissolved solids concentration, specific

gravity of the solids, and temperature. In a containment area only the

suspended soli.ds concentration varies significantly with depth. The den-

sity gradient can therefore be directly related to the suspended solids

gradient. Since the density and suspended solids concentration profiles

are so closely related, they are often used interchangeably. Temperature

and dissolved solids concentration do not vary with depth.

The fluid in the containment area is said to be stratified if the

density increases with depth.  The term fluid in this report refers to all

water and unconsolidated solids above the bottom of the basin.!

92



HLd30

93



Pondin de th

solids and is simply referred to as the interface. The interface is not

perfectly horizontal but slopes sli.ghtly  about I:500! from the inlet pipe

toward the weir. The depth of water and unsettled solids above the inter-

The weirs utilized in containment areas are sharp-crested rectangular

comparison to the depth of the flow over the weir  h!  see Figure 2; h/T

L.5! means that the weir is straight and flow over the weir

is perpendicular to the weir. The flow over the weir  Q!, static head  H!,

and weir length  B! can be related by the following equation'.

C BH
D

where C is the weir discharge coefficient, which is usually 3.3 for

sharp-crested weirs. H is the difference in elevation from the weir crest

to the water surface at a point sufficiently far from the weir so that the

flow velocity caused by the weir is negligible  i.e. total head = static

head!. The above equation is not applicable for polygonal weirs.

The term Q/B is referred to as the weir loadin rate or unit flow

rate and is a very important design parameter for weir design. The static

head, H, can be related to the depth of flow over the weir, h, for
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In typical suspended solids concentration profiles from dredged

material containment areas, the gradient will be fairly constant in the top

layer which contains unsettled solids. At a depth where the suspended solids

concentration is approximately 20 g/R, the gradient increases sharply as

shown in Figure 1 Below this depth, the suspended solids are considered

to be settled. This depth is the interface between the settled and unsettled



sharp-crested wuirs by:

h = 0.85H

Figure 2. Weir characteristics

Withdrawal zone

The withdrawal zone is the area through which fluid is effectively

discharged over the weir. The depth of the withdrawal zone or withdrawal

depth is the depth below the water surface from which water is withdrawn

over the wei.". The size of the withdrawal zone affects the ~aroach

~vslocit of the flow The a.pproach velocity is the speed at which the

fluid is moving toward the weir. Figure 3 illustrates the concept of

withdrawal depth and flow velocity. The approach velocity, in conjunction
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with the density profile, controls the depth of the withdrawal zone.

Figure 3. Nithdrawal depth and velocity profile

Desi n description

For a given suspended solids concentration profile and flow, a

longer weir reduces the withdrawal depth and improves the effluent quality.

The same improvement can be achieved by maintaining the same weir length

and increasing the ponding depth. The method for designing weirs to main-

tain adequate effluent quality is to optimize the tradeoff between increased

weir lengths and increased ponding depths.

Se~ice life of basin

During the life of a containment area the interface moves upward and

toward the weir. In Figure ~ the lines A, B, C, and D represent the inter-

face at different times in the basin life.  The vertical scale is greatly



ILI
.j
0'

LJ

III

II-I
0

LJ
ILI

W
LIJ

O EIJ
Z

IJJ

CI

id

ILI

! LLJ
<A

O II!
o G.

CI
O

ILI

97

hlOl JUGAL.N33H03 Sa110S
a3aN3asnS <N3n1se3

Z O IIJ
LI

IIJ

! Ct"
4J
V!

ld

4 O CJ
td

LIJ

O I�
z'
Ed

O Ih
O 0
VI

LrJ

O W CL
UJ
V!

laJ

LI

IJJ

4J
I�



exaggerated in Figure 4.! As the basin fills, the ponding depth decreases.

As this happens, more solids are withdrawn over the weir. This is shown

in the graph of effluent solids versus time in Figure 4. Sufficient ponding

depth must be provIded so that the dredging ]ob can be comp]eted before the

effluent quality deteriorates as it does between times C and D.

Because of the sloping interface, the ponding depth is not constant

throughout the basin but increases away from the inlet pipe. The ponding

depth of concern in weir design is the final ponding depth immediately in

front of the weir.

Nathematical Nodelin

Two steps were involved in mathematically modeling the flows over

weirs: the first consisted of a thorough literature review of models for

describing such flows; the second involved collecting field data which

served as a basis for model selection and verification. Detailed informa-

tion on the literature review and sampling can be found in a previous study
9

by the authors.

Field trips were made to dredging sites in Yazoo City, Mississippi,

Fowl River, Alabama, and Oyster Bay, Alabama. During these field trips,

measurements were made of velocity profiles and density profiles in the

vicinity of the weirs. The material classification, and salinity were

determined. The effluent quality was also sampled for a number of different

flow rates.

Based on the data collected during the field trip, the WES Selective

l
Withdrawal model was chosen since it matched the data fairly accurately,

had a sound experimental basis and could be easily developed into a design

procedure.

The WES selective withdrawal model is a one � dimensional model
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developed fr m laboratory flume studies. The flume studies were conducted

for ho cas: wh=r th" .;their extended across the entire width of the flume.

The depth of a dimensionLess fully developed withdrawal zone was correlated

with a densimetric Froude number. The following equation was developed

from the correlation for weir flow by using dimensionless variables for the

I
depth of the withdrawal zone and the density profile

Z + H

0.60
H

w

V
w

hp

 gZ !
p 0

w

average velocity over the weir, fpsV
w

hp = density difference of fluid between the elevations of the
weir crest and the lower limit of the zone o' withdrawal,

g/cm 3

3
density of fluid at the elevation of the weir crest, g/cm'w =

2
g acceleration due to gravity, ft/sec

Z = vertical distance from, the elevation of the weir crest to

the low:-.r limit of the zone of withdrawal, ft

static head over weir, ft

Homo ram Devela ment

The field study indicated that there were five important parameters

in weir design, namely:  l! flow, �! weir length, �! ponding depth,

�! effluent quality goal, and �! material type. It was the goal of this

study to produce a simpl. n= ",.o,,r-a-, w",.ich related these parameters and
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could be u:-ed for design.

Since different fine-grained materials behave differently in

containment areas, a separate nomogram could be developed for each material

based on its grain-size d.'stribution, plasticity index, etc. To simplify



matters, i was decided that for practical purposes, fine-grained material

could be divided into two categories: �! clays in freshwater, and �! clays

in saltwater and silts. Therefore, two nomograms were developed.

The nomograms were developed by running the thtES selective withdrawal

model progr;m for an array of flows, weir lengths, and ponding depths for

each material category. The model then predicted the effluent quality.

This information was plotted to make up the nomogram. The nomogram for

freshwater clays is shown in Fiture 5 while the nomogram for silts and

saltwater clays is given in Fiture 6.

Figure 7 is included for the case of freshwater materials which

settle well. It is based on the assumption that there are no suspended

solids above the interface.

Design Procedure

. ufficicnt weir length and ponding depth near the weir must be pro-

vided 'n a cout~inment area to prevent water with high suspended solids

concentrations fram flowin" out of the basin. The following section pro-

vides a design procedure that uses aomogrsms for selecting weir length and

ponding depth at the weir to maintain effluent quality, given the material

type and design flows. The design procedure is based on the principles of

1selective withdrawal of stratified fluids by Bohan and Grace as discussed

9in the previous report by the authors. The procedure is applicable for

fine-grained dredged material containment areas. The performance of a

basin for dredged material that is exclusively sands and gravels will not

be significantly influenced by the weir design.

The data required for this design procedure consist of the dredged

material type, salinity, design flow, and effluent quality desired.
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For the purpose of the design procedure, fine-grained dredged

material is classified as either a clay or a silt. To classify the material,

the material must first be classified under the Unified Soil Classification

7
System . If the materi.al is classified as a silt or an organic silt

 either ML, MH, or OL!, then it is classified as a silt in the design pro-

cedure. If the material is classified as a matrix of soil types, such as

a CL-OL matrix, then the material would be classified as the worst settling

type, in this case as a clay since clays settle more slowly than silts.

Similarly, if several different types of dredged material are to be disposed

in the same basin, the slowest settling type would be used in the design

procedure. Not all of the above classes of material have been examined in

the field but they were classified as recommended above based on their

settling properties.

Clays behave quite differently if the salinity of the dredged slurry

water exceeds 2 to 5 ppt because the clay particles flocculate and settle

much more quickly. Below 1 ppt of salinity or total dissolved solids, the

water is considered to be fresh and the clay particles do not flocculate.

Because of the effect of flocculation, a different design nomogram is used

for clays in saline water. If the salinity is between 1 and 3 ppt, the

clay material will probably behave as an intermediate or transition type

for which the effluent suspended solids concentration will be better than

that predicted for freshwater clays but not as good as that predicted for

saltwater clays. The designer must use judgment, or past experience, with

the dredged material to predict the effluent suspended solids concentration

for dredged materials in this transition range.

In estuarine areas, the salinity may vary through the year due to

differences in the freshwater flow and the location of the saltwater wedge.
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Therefore, the lowest probable salinity of a near-bottom water in the area

to be dredged during the projected dredging operation should be used since

this provides the most conservative design.

Knowing the salinity and the soil type, the designer can select the

correct nomogram from Table l. The nomagram in Figu c 5 is for freshwater

clays. The nomogram in Figure 6 is for silts and all saltwater fine � grained

dredged material. The namogram in Figure 5 is for dredged material that

settles slowly. The nomogram in Figure 6 is for dredged material that

settles more rapidly.

Table 1

Noma ram Selection

Cla s Silts

Figur~.. 6

Figure 6

Figure 5

Transition Range

Salinity <3 ppt

Salinity 1 � 3 ppt

Salinity >3 ppt Figure 6
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The design flow refers to the peak flow over the weir during the

design life of the basin. If the dredge is not operating for a considerable

period of time, the flow rate over the weir may be less than the peak inflows.

The actual flow rate will be a function of the dredge, the head 3.oss in the

pi pc, and the elevation af the discharge pipe at. the basin.

The designer must determine the appropriate effluent suspended solids

limit for his dredging oyez'ation based on effluent standards, the water

quality of the stream, and environmental concerns. The effluent suspended

so ids cancen' ratians predicted by the romograms are average values. If the

designer wants to design for worst conditions, he must assume a value for

the ratio of the maximum to average eff3.uent suspended solids concentration.

for a given weir loading  Q/B! and ponding depth. A ratio of 1.5 to 2.0 was



observed in the field data.

Use of nomo ram

The design procedure using the nomogram should be an iterative pro-

cedrrre. There are four variables that the user can manipulate to achieve

an optimal design. These are design flow  Q!, weir length  B!, ponding

depth  y !, and the effluent suspended solids  SS!. The designer can select
0

any three variables  Q, B, y , or SS! and solve for the fourth. To
0

minimize cost, both the weir length and the ponding depth should be mini-

mized. But for a given flow, soil classification, and effluent goal, the

weir length is inversely related to the ponding depth, that is, a shorter

weir requires a larger ponding depth. By evaluating various weir lengths

and ponding depths, the designer can arrive at a design that meets his needs.

The weir loading  Q/B!, the flow in cfs per ft of weir length, is the

principal design parameter. If the designer wishes to use a low ponding

depth, the weir loading mrrst be kept small. Lower weir loadings will pro-

duce better effluent quality at the cost of a longer weird The weir loading

should be kept between O.I and 3.0 cfs/ft to maintain good effluent quality

without requiring excessively Iong weirs or deep basins. This corresponds

to a range of static heads of I to l2 in. or a range of depths of flow over

the weir of 0.8 to 10 in.

The ponding depth also provides the designer with a parameter through

which he can control effluent quality. The optimal range for this parameter

is from I to 3 ft. Ponding depths of greater than 3 ft will result in high

and hence expensive dikes, while not considerably improving the effluent

quality. Depths of less than I ft will result in poor effluent quality.

Ideally, the ponding depth and depth of withdrawal zone will be equal at

the end of the basin's service life.

A trial design using the nomograms consists of a single line that
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starts at the flow  g! axis and proceeds horizontally right until it inter-

sects a desired weir length  8! line. From there it drops vertically through

the weir loading  Q/E! line until it intersects the desired ponding depth

 y ! line. Prom there it proceeds horizoutally left until it intersects tl«
0

ef fluent suspended solids  SS! line. The designer. should make a number oi'

trial designs until he feels he has optimized the design,

The use of the nomograms can best be illustrated by the following

example problem.

In the problem, a weir is to be designed for a freshwater dredging

site. The dredged material is classified as a CL clay. The design flow is

30 cfs and the effluent standard is 8 g/K.

The designer first selects the proper nomogram from Table 1. Since

the material is a freshwater clay, the nomogram in Figure 5 should be used.

The deisgner then decides to maintain an average effluent suspended solids

concentration of' 5 g/K at the end of the basin's service life in order to

insure that the maximum effluent suspended solids concentration will not

exceed the 8 g/R effluent standard, despite fluctuations in conditions.

The designer is now ready to use the nomogram.

The designer draws horizontal lines on the nomogram at his design

30 cfs, and his effluent suspended solids concentration, 5 g/E. These

parameters are shown as solid lines A and 8 on Figure S. The designer

select an infinite number of combinations of weir length, B , andcan

ponding depth, y , to meet his design parameters, 30 cfs and 5 g/k. A
0

possible combination is determined by drawing a vertical line connecting

the horizontal lines at 30 cfs and 5 g/R. Six combinations that cover the

range of feasible alternatives are presented as dashed lines ~C , ~C

OC3 C p C j and C . These a 1 terna tives are tabulated
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below.

Pon , >g Depth
y, ft

Weir Loading
Q/3 cfs/ft

Weir Length
B, tt

Line

0.21140
Cl
C2
'3
C

C~
C

0.40751.7

0.62482.0

1.00302. 

1.25243.0

1.88164.0

Other Desi n Considerations

While the following factors are not explicitly accounted for in the

design nomograms, they must be considered in the design procedure.

Weir desi n and basin sizing

Weir length and ponding depth are only two parameters in the overall

containment area. The site must have sufficient area to permit proper

settling, sufficien" volume to retain all of the dredged material, and a

flow pattern to minimize short-circuiting. These topi.cs are addressed in
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Any of the solutions above would be adequate. However, the designer would

most likely choose a weir length between 30 and 50 ft since he saves very

little ponding depth if he uses a longer weir but may have to add a great

deal of ponding depth for a shorter weir. If the designer is not satisfied

with any of the alternatives, or if he wishes to evaluate the effects of

using different design parameters, he may select a different dredge size

snd design flow. Similarly, he may reevaluate the effluent quality goal

and select a more appropriate goal for hie design conditions. Then the

designer would once again use the nomogram, as illustrated before, to

select his new design alternatives.



2,4,6
other DKP reports. The design procedure developed here is based on.

the assumption that sufficient area and volume are provided in the basin

and that short-circuiting i,s not excessive,

In the development of the design procedures, conservative values were

consistently employed when there was a question as to the magnitude of a

given parameter. Designers are advised to use conservative values whenever

there is a question about a given design parameter, If this practice is

followed, there should be no need to increase the ponding depth or weir

length by adding safety factors.

Sha crested weirs

110

Sharp-crested weirs should be used in dredged material confinement

basins whenever possible. They require a smaller ponding depth because the

depth of their withdrawai zone is smaller. Consequently, the effluent

quality will also be better. A weir is considered sharp-crested it; the

thickness of the weir is lees than two-thirds of the depth of flow over the

weir, Except for very low flows, a w'eir made up of 2-in.-thick boards can
8

be treated as a sharp-crested weir.

Shaft-t e weirs

In some cases the outflow structure is a four-sided drop inlet or

shaft located in the basin. The weir length  B! deter-..ined from the nomo-

grams is for a rectangular weir. In converting the values to make them ap-

plicable to shaft-type weirs, the approach velocity of the fluid is the key

consideration. To minimize the approach velocity and hence the withdrawal

depth, the shaft weir should not be placed too near the dike, In Figure 9,

location A is the most desirable since flow can approach it from all four

sides  four effective sides!, Location 8 is less desirable since flow can

only approach from three directions  three effective sides!. Location C is



the least des irabltn since it h=s only twa effective sides.

To convert the weir length  B! determined from the nomogr~ms to be

length  S! of a side of the square shaft weir, use the following formula:
B

S
n

where n is the number of effective sides. A side is considered an ef-

fective side if it is at least 5S ft away from the nearest dike, mounded

area, or other dead zone. This distance, 5S, is generally accepted as

being sufficient to prevent the flaw restriction caused by the flow con-

traction and bending due to the walls.

Since effluent pipes must run from the shaft weir under the dike ro

the receiving stream, a location such as A in Figure 9 may nat be optimal

since it is far from the dike and will require a laager pipe than B

which is easier ta operate.

P~ol anal  labyrinth! steirs

polygonal  labyrinth! weirs have been used ta reduce the head aver

the weir. Such weirs have very little impact on effluent quality since the

controlling factor for the depth af withdrawal and consequently the effluent

suspended solids concentration is not the head but the approach velocity.

For a given flow, even though the depth of flow and velocity over the weir

crest are less for a polygonal weir, the approach velocities, and therefore

also the depth of withdrawal and effluent qua1ity will be essentially the

same as those for a rectangular weir of equal horizontal length along the

dike, L , as shown in Figure 10, Figure 10 i],lustrates the width of the

withdrawal zone ar effective weir length  B! for three types of weirs. The

arrows indicate the approaching flow towards the weir. The minimum width

through which the flow must pass is tha width af the withdrawal tone or the

effective weir length. Por a given flow, the approach velocities are the

same for different withdrawal zones of equal size. Therefore, the approach



$igure 9. Possible locations for shaft-type weirs

EF -i"TiVZ '<=.IR ' ENGTr, = L

a. R=C ANGULAR WEIR

L

EFFECTIVE WEIR LENGTH = L

b. POLYGONAL WF IR

Figure 10. Effective lengths of weirs  plan view!
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velocity and the withdrawal depth for the rectangular weir in Figure 10

would be the same as that for the polygonal weir in Figure 10 ev n though

the to ul wei" length for th polygonal weir is considerably greater. Both

weirs have the same effective length  B = L!,

Since there is no reason to expect an improvement in effluent quality

due to polygonal weirs, there is no justification for incurring the greater

cost of such weirs.

Weir location

Short-circuiting and dead zones can be reduced by the judicious pl, ce-

ment of weirs. Consider the basins shown in Figure ll. The shaded area in

Figure 11 indicates dead zones caused by use of one weir. By use of three

weirs  each with length one-third that of the weir in Figure ll!, the dead

zones are reduced in Figure 11. The short-circuiting can also be reduced

2
by use of a spur dike as in Fi,gure 11 as proposed by  .:allagher. When

several weirs are used in an area, they should be operated with the same

weir crest elevation.

Board size

The ele:a--on of the weir crest is controlled by the number of boards

placed in the weir. These boards usually range in size from 2 by 4 in. to

2 by 10 in. Xn order to allow the operator flexibility in controlling the

depth of the withdrawal 'one and the flow over the weir, small boards should

be used near the top of the weir. Use of a large board such as a 2- by 10�

in. board at the top of the weir would result in a drastic increase in ef-

fluent suspended solids if it is removed. However, the basin could be drawn

down slowly without a significant deterioration in the effluent quality by

the removal of a small board.

Since some water with high solids concentration may leak between the

boards, a small number of 'larger boards may be preferable to a large number
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of small boards near the bot.om of the weir. Figure 12 shows a weir that

will be boarded up to 6 ft but will be operated between 5 and 6 ft. Ten � in.

boards are used for the bottom layers with 4-in. boards for the higher xone,

0 erational Guidelines

Once the weir is installed and operating, the effluent quality can

be controlled only by adjusting the flow or the elevation of the weir crest

and hence, the ponding depth. Some basic rules of operation are given

below.

General uidelines

The best effluent quality in a dredged material containment area c. n

be achieved if the weir crest is maintained at the highest feasible eleva-

tion. This provides the maximum ponding depth at any given time. The weir

elevation may need to be lowered to provide the necessary freeboard or to

protect the integrity of the dikes. In such a case, the preservation of

the dikes is more important than effluent quality, and the boards may be

removed quickly.

In operating the weir, it is necessary to keep floating debris from

lodging in front of the weir as this will result in more of the flow coming

from greater depths with higher suspended solids concentrations. If multi-

ple weirs or a weir with several sections are used in a basin, the crests

of all weira or weir sections should be kept at the same elevation.

If the effluent quality deteriorates below an acceptable limit, the

ponding depth  y ! must be increased by raising the elevation of the weir
0

crest, that is, by adding more boards to the weir. If the weir crest is at,

the highest possible elevation and the effluent quality is still unaccept-

able, the weir loading  Q/B! must be decreased by lowering t' he flow into

the basin and over the weir, The flow may be lowered by using a smaller
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Figure 11. Short-circuiting and dead zones

Figure 12. Suggested weir boarding

115



dredge or by operating the existing dredge intermittently. The new weir

loading may be selected by using the nomograms or by measuring the effluent

qualit" for various weir losdings. The weir loading is controlled in the

field by using the head over the weir as an operational parameter since the

flow over the weir  Q! cannot easily be measured'

The head over the weir is t' he best criterion for weir operation.

Vhile the weir loading is a very useful design parameter, the head is the

operational parameter used to control weir loading. They are related by

the following equation for sharp-crested weirs.

where H = static head over the weir, ft
g = flow over the weir, cfs

B = weir length. ft

Q/B = weir loading, cfs/ft

Using the above equation with the weir loading selected from the nomogram,

the operator or designer can determine the maximum allowable head to prevent

deterioration of the effluent quality. If the head in the basin exceeds

this value, the dredging should be discontinued until sufficient water is

discharged from the weir to lower the head to an acceptable level. The

dredging should then be performed intermittently to maintain the head within

an accept'able range, not exceeding the maximum allowable head. The operator

does not oeed to be concerned with the weir loading or he.-d over the weir if

acceptab:e effluent quality is being maintained

The head over the weir  static head! can be determined by two methods.

First, it can bc determined directly by using a stage gage, located in the

basin where the velocities caused by the weir are small  et least 10 to 20
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ft from the weir!, to read the ejevatiorr of water surface. The elevation

of the weir crest can be read from the weir box providing it is calibrated

to the same datum as the stage gage. The difference between the elevations

of the. water surface. and the weir crest vill equal the static head  see

Figur 2!. Far example, if the elevatio~ of the weir crest read on th-

weir box is 68 in. and the elevation of the water surface read an the stage

gage is 74 in., then the static head equals 6 in. �4 � 68 = 6!,

The static irread can also be dete~ained i~directly by measuring the

According to Rehback, «he
9

depth of flaw aver the weir, h  see Figure 2!.

ratio of depth of flaw over the weir to static head  h/H! equals 0.85 for

sharp-crested weirs. This rat.-.o approaches 0.67 for broad-crested weirs.

Since the depth of flow over the weir is directly proportional to the static

head, it ma; be used directly as an operating parameter. ln this case, the

weir loading can be controlled by the depth of flow over the weir by using

the following equation for sharp-crested weirs.

9/3
h = 0.85H = 0.85 0.3�

B
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Therefore, using the above equation with the weir loading selected from the

nomogram, the operator oz designer can determine the maximum allowable depth

of flow over the weir to prevent the deterioration of the effluent quality

to unacceptable levels. As discussed for the static head, if the maximum

allowable depth of flow over the weir is exceeded, the dredge must be

operated intermittently to maintain the depth of Slaw aver the weir in a

range that does not exceed the maximum allowable value.

The previous equations for the weir loading, static head, and depth

of flow over the weir aWe valid only for sharp-crested weirs If a dif-

ferent type of weiz is used, the abave equation must be modified to account

for the differences in the coefficient of discharge and the ratio of depth



of flow over the weir to static head. Information on polygonal weirs has

been documented by Hay and Taylor and Indelkofer and Rouvd.
3 5

The length of basin from the weir to the inlet over which water is

ponded, hereafter termed the effective basin length  L!, can serve as a

means for estimating the ponding depth at the weir near the end of the

basin's service life. In a basin, the dredged material first settles

closer to the inlet and then farther and farther from the inlet, This

forms a sloping interface in the basin  see Figure 4!, For a given basin

with interfacial slope  a! and effective basin length  L!, the ponding depth

at the weir would be determined by the following equation.  See Figure 13!.

y =aL
0A. typical value for a is 0.092 ft/ft. CRITICAL EFFECTIVE BASIN LENGTH

DESIGN RONDINO DEPTIS

O' = SLOPE OF INTERFACE

Figure 13. Effective basin length

If the calculated ponding depth from the above equation is less than

the design ponding depth, the operator should use the nomogram to select a

lower weir loading in order ta maintain, the effluent quality.

In a similar manner, the equation can be used to solve for the approx-

imate effective basin length needed to maintain the design ponding depth,
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hereafter ter~ed the critical effective basin length  L*! .  See Figure 13.!

L*

when the effective basin length «pproaches the critical effective length,

the operator knows the basin is at:he end of its service life and the weir

loading must be 'o.:ered if he wishes to extend the basin's service life

without deteriorating the effluent quality.

Basin drawdown

Similarl;, once the dredg'ng operation is completed, the ponded wat er

must be removed so tha: drying can occur. To drain the basin, the weir

boards should be removed one row at .a time. Preferably, 2- by 4-in. boards

should be used in order to minimize the withdrawal of settled solids. The

next row of boards should not be removed until the water level is drawn down

to the weir cres and thc outflow is low. This process should be continued

until the interface is reached. It is desirable to eventually remove the

boards below the interface so that rainwater can drain from the area. These

boards can be removed only after the material has consolidated sufficiently

so that it will not flow from the basin. If it begins to do so, the

boards should be replaced.
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DREDGED MATERIAL DISPOSAL OPERATIONS RESEARCH

l
by Charles C. Calhoun, Jr.

and

2
Wi ll iam D. Rarnard

ABSTRACT

This paper reviews the results of five years of research conducted

under the Disposal Operations Project  DOP! of the Dredged Material Re-

search Program. The research was divided into five major areas or tasks:

a. Confined disposal area operations
b. Dredged material densification
c. Disposal area reuse
d. Treatment af contaminated dredged material
e. Turbidity prediction and control.

Methods were developed for sizing containment areas for both capacity and

effluent quality. Guidelines were developed for dike design and construc-

tion, selection of equipment, weir design, landscaping, and mosquito and

odor control. Methods of densifying dredged material to increase the

service life of the containment area were developed and evaluated. Con-

cepts for disposal area reuse management were developed when the area

serves as a rehandling basin and thus has infinite life. Schemes were

also developed where the life of an area is extended by manipulating the

material. Methods for treating dredged material to meet effluent quality

standards were evaluated. Methods for predicting the extent and duration

of turbidity and fluid mud during dredging operations and disposal were

developed. Various methods of controlling turbidity and fluid mud were

evaluated,

l Manager, Dredging Operations Technical Support, Environment Laboratory,
Waterways Experiment Station, Vicksburg, MS 39180

2 Office of Technology Assessment, Washington, D.C. 20510
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The $33 million, five-year Dredged Material Research Program  DNRP!,

the largest and most diverse research program ever undertaken by the

Civil Works Directorate of the Corps of Engineers, was concluded in 1978

at the Waterways Experiment Station  WES! . The purpose of the program

was to determine the environmental impacts associated with dredging

and disposal operations .and to develop methods for eliminating or min-

imizing any adverse impacts. The Disposal Operations Project  DOP!

of the DMR.'P was concerned primarily with the engineering and operational

aspects of the DMRP ~ The purpose of this paper is to outline some of

the results gained through DOP research and to provide an indication of

the guidelines now available for implementation.

The research conducted within the DOP was divided into the following

five major research areas or tasks.'

Containment Area Operations �C!

Dredged Material Densification �A!

Disposal Area Reuse �C!

Treatment of Contaminated Dredged Material �B!

Turbidity Prediction and Control �C!

The objectives of each task are given in Table 1. As shown in this

table, each task was managed by a WES engineer or scientist.
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Containment Ate~aO stations  Task 2C!

Task 2C was probably the most diverse of all of the tasks within the

DOP and included research areas such as dike construction, mosquito and

odor control, containment area sizing, weir design, and vehicle mobility

on dredged material.

One of the most important research efforts was the design of con-

tainment areas for fine-grained dredged material. In the past the size of

a confined disposal area was determined using various "rules of thumb"

and bulking factors. A bulking factor is simply the ratio of the volume

occupied by the dredged material in the containment area to the volume of

sediment dredged. In some instances the use of bulking factors was

adequate. However, with increasing scarcity and cost of land, as well

as the cost of building the facilities, more rational design procedures

were required. A properly designed containment area must have sufficient

volume to contain the material to be dredged, and must have an area large

enough to provide sufficient natural sedimentation of the soil particles

to meet existing effluent quality standards. When fine � grained dredged

material is hydraulically pumped into a containment area, the final

evaluation of the surface depends on the initial settling characteristics

of the solids suspended in the slurry, and subsequent consolidation

of the settled solids. Nany previous studies had addressed the settling

characteristics of individual particles and the post-depositional con-

solidation of fine-grained materials; however, little was known about the

sedimentation and consolidation of dredged material slurries with average

solids concentrations of 15 percent by weight. Based on the result.s of
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laboratory tests and f ield evaluations, procedures were developed for

designing containment areas. These procedures were based on the sedimentation

and consolidation properties of the dredged material slurry which had been

determined. i'rom relatively simple laboratory tests. 1

The level of suspended solids in the effluent from a containment area

is a function of not only the settling characteristics of the material,

but also the retention time available within the facility. Procedures for
2

determining the retention time required are given by Gallagher. It should

be noted that the retention time is not a function of the total volume of

the facility, but instead depends on the surface area and shape of the

containment area as well as the volume of water ponded above the settled

dredged material. It is therefore necessary to pond water at the weir or

sluice in order to obtain good effluent quality. The weir does not simply

skim water from the top of the ponded water; instead, there is a depth of

withdrawal below the weir crest. If the ponding depth is greater than the

depth of withdrawal, desired ~ater quality standards can usually be met.

However, if the depth of withdrawal is greater than the ponding depth,

settled dredged material can be resuspended and carried over the weir.

Nomograms have been developed relating the length of the weir to the flow,

ponding depth, and the desired solids concentration of the effluent.
3

The stability of dikes surrounding the containment areas has often

been a problem in the past. In many previous cases, dike design and

construction were the responsibility of the local sponsor or the dredging

contractor. In more and more instances the Corps now either takes the

responsibility for dike construction or reviews the design before the

containment area is built. The state of the art for designing and con-

structing dikes has long been sufficient; however, in most cases containment
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area dikes do not need to be built to the same standards used for major

earth embankments, such as dams or mainline levees on major rivers.

Consequently, guidelines were developed for the design and construction

4
of dikes using current construction methods. These guidelines also

include methods of increasing dike stability through improved construction

methods.

During the planning stages of a containment area~ factors such as

landscaping and odor and mosquito control should be considered. The guide-

lines developed for landscaping containment areas describe the constraints

the architect must work within and also present some landscaping concepts .

The guide1ines also contain a rather extensive list of plants that may be

5 6
used in containment area landscaping. Guidelines for odor and mosquito

7
control are also available.

Containment areas must be properly managed to maximize their effec-

tiveness. Proper management often requires that vehicles and equipment

be used in and around disposal areas. Since many containment areas are

built in low-lying areas where foundation properties are very poor and

are often filled with dredged material possessing poor engineering charac-

teristics, vehicle and equipment mobility may have been a problem in the

past. Based on an evaluation of over 60 vehicles or pieces of equipment,

8
guidelines were developed for their use. By knowing the strength  i.e.,

rating cone index or RCI! of the material, both the maximum ground contact

pressure and the minimum soil strength for a particular vehicle can be

determined. The RCI is easily determined using a hand � held cone penetro-

meter. Detailed procedures for determining the RCI and other parameters

are given by Willoughby. Of all the vehicles evaluated only the Riverine9
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Utility Craft  RUC! can be operated effectively on the very low-strength

dredged material often found in disposal areas.

Dred ed Naterial Densification  Task 5A!

Fine-grained maintenance dredged material pumped into containment

areas is usually approximately 85 percent water and 15 percent solids by

weight. Even after the solids in the slurry have settled in the contain-

ment area and the excess water has been discharged over the weir, the remaining

material in the area may have water contents of 200 to 400 percent  on a

dry weight basis!. Although a thin, dry crust may develop on the surface

of the area, the underlying dredged material may be characterized by

extremely high water contents for many years. Consequently, these dis-

posal areas may contain large volumes of water and relatively small volumes

of solids. The objective of this task was to develop economically feasible

methods for removing the water and increasing the effective capacities of

the disposal area. For fine-grained material removal of a cubic yard of

water often provides close to a cubic yard of additional space in the con-

tainment area. Therefore the primary purpose of dewatering or densifying

the dredged material is simply to increase the volume within the area and

secondarily to improve the engineering properties of the material. With

improved engineering properties the fine-grained dewatered dredged material
10

may be productively used for landfill or construction material.

There was never any doubt that fine-grained dredged material could

be dewatered. However, techniques commonly used for dewatering founda-

tions for relatively small structures may not be economically feasible

for dewatering hundreds to thousands of acres of dredged material. De-

watering techniques investigated in both the laboratory and the field

during the DORP included the use of well points, low � voltage-gradient
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electro-osmosis, surface-loading consolidation, vegetation, underdrains,
ll

and trenching. However, of all the methods evaluated, progressive

12trenching appears to be the most universally feasible method. In some

instances the use of underdrains also appears to be attractive. Other

methods may have limited application in some specific cases; but because

of the wider applicability of progressive trenching and underdrains much

more emphasis was placed on the development and refinement of these methods.

The concept of progressive trenching allows far natural evaporation to

dewater and densify the dredged material with minimal input from man. The

depth of the crust developed aver fine-grained dredged material is largely

governed by the net evaporation  i.e., evaporation minus precipitation!

in the area. Consequently, if precipitation exceeds evaporation na crust!

or at the best, a very thin crust may develop. By placing trenches in the

disposal areas any ponded surface water and rainfall can be removed rela-

tively quickly. This increases the net evaporation and causes bath the

rate and depth of crust development to increase.

The primary problem was to develop methods for trenching very

soft, dredged material. Fortunately, surface trenching can be accomplished

with the Riverine Utility Craft  RUC!. The RUC is propelled by two rotors,

which produce two parallel trenches as the RUC moves over the dredged

material. Using this technique a network of trenches can be produced in

a relatively short period of time. Because of the soft nature of the

material, the initial trenches may be anly 2-4 in. deep; however, these

depressions collect and drain the rainfall and any surface water. A crust

and associated desiccation cracks gradually develop dawn to the bottom of

these trenches. By using the RUC to periodically and progressively

deepen the trenches, a crust of l~ � 2 feet can be developed. At this point,
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more conventional, low-ground pressure equipment can be used to continue

deepening the trenches. It should be stressed that the trenches remove

only the surface � and not the subsurface-water. The progressive trenching

technique has been successfully applied in field demonstrations in the

United States. A similar system has been in use in the Netherlands for.

13
the pas t several years.

In areas where sand in large quantities is dredged in combination

with fine-grained material, it m;~v be feasible to use the sand to con-

struct drainage blankets in the containment «reas prior to disposing of

the fine-grained dredged material. Such a blanket must also incorporate

collector pipes in order to be effective. The concept of dewatering

fine-grained dredged material using underdrains was evaluated during

field tests at the Upper Polecat Bay disposal area in the Mobile District.

In addition to evaluating a simple gravity flow system, a vacuum was

applied to th» sand in one test pit. The concept of ponding water over

the fine-grained material to produce downward seepage forces and to

enhance consolidation was also evaluated with simple gravity flow and with

application of a vacuum to the sand layer. Tentative results indicate

that underdrain systems may be effective, but final results will not

be available until tests are completed in 1979.

12The DMRP synthesis report entitled "Guidelines for Dewatering 

Densifying Confined Dredged Material" presents guidelines for the pro-

gressive trenching techniques and provides a methodology for predicting

the volume of space thus produced. This reference also presents interim

guidelines for the design and use of underdrain systems,
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~Dls osal Area Reuse  Task 5C!

A completely reusable disposal site is one which serves as a

rehandling basin. That is, dredged material is placed in the area and

then removed for upland disposal or for a productive use. Since complete.

removal of all Lhe dredged material from a containment area will rarely

occur, a site mav be considered to be reusable if the capacity of the site

is significantly increased through the rehandling of some of the dredged

material

Earlier studies within this task indicated that there may be a large

demand for construction or Iandfil1 material in areas close to dredging

I4
operations. However, in many cases where only the coarser-grained

material is desirable, it may be necessary to selectively remove various

I5 16fractions of the dredged material. The DMRP synthesis report entitled

"Guidelines for Drc dged Material Disposal Area Reuse" presents complete

guidelines for selecting and developing reusable disposal sites.

The reusable site concept was applied to the Upper Polecat Bay dis-

posal site. Large volumes of dewatered dredged material  i.e., thickened

crust! were produced from the field tests previously described and used to

raise the dikes of the area. In addition to the dewatered material

obtained around the inside perimeter of the area, a system of roads specif i-

cally designed for soft foundations was constructed in the disposal area to

provide access to additional dried crust. The dried material within the

site was "mined" and transported to the dikes with trucks. In addition to

removing the dredged material and using it productively to increase the

dike height, each cubic yard of dredged material removed provided an addi-

tional cubic yard oi effective capacity for future disposal operations.



Treatment of Contaminated Dred ed Material  Task 6B!

Special emphasis within this task was placed on the treatment of

effluent f rom conf ined disposal sites. Research within the DORP indicated

that the vast majority of the contaminants associated with effluent from a
17

confined disposal area is closely associated with the suspended so1ids.

Consequently, removal of solids will in most cases produce an effluent

of sufficient quality to meet environmental standards.

Primary treatment of the dredged material slurry involves the natural

settling of the solids within the disposal area. In most cases effluent

from a properly designed and managed disposal area will probably meet

applicable effluent standards; however, in some cases additional treatment

may be required. Such treatment may take the form of chemical flocculation

18
or filtration.

19Laboratory studies indicated that through the use of chemical

flocculation nearly all the suspended solids and associated contaminants

can be removed from the effluent. Although this is easily accomplished

in the laboratory, flocculant application during disposal operations is

often difficult and costly. Injection of flocculants into the pipeline

produces highly unpredictable. results primarily due to the fact that dredged

material slurry discharged into a containment area during a hydraulic

dredging operation is highly variable. Solids concentrations can vary

from 0 to 40 percent solids by weight over a very short period of time.

Also there may be a wide variation in the characteristics of the sediment

being dredged. Since the dosage of chemicals necessary to provide

effective flocculation is highly dependent on both the material and the

solids concentrations, the wide variation in both of these parameters
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~akes it very difficult to design a system for treating the dredged

material in the pipeline before it is discharged into the containment

area. An alternative method involves treating the suspended material in

the effluent at the weir. The relative effectiveness of effluent treat�

ment is higher due to the fact that the average solids concentration and

variability in the composition of the material is greatly reduced. Guide-

lines are available for treating dredged material in the dredge pipeline

20
and at the weir.

Filtration is another method for removing suspended solids fram the

effluent. Guidelines are now available for the design of pervious dikes

21
and other types of filtering systems. The concept of vegetative filter-

ing was also evaluated in a series of field tests; however, no specific

guidelines could be developed based on the results of these tests.

22Turbidit Prediction and Control  Task 6C!

Certainly one of the most visible effects associated with many dredging

and open-water disposal operations is the generation of turbidity.

Fortunately, the turbidity generated during dredging and disposal activi-

ties usually has little environmental impact; most of the problems associ-

ated with turbidity are basically aesthetic in nature. Ninety-seven to 99

percent of any fine-grained material discharged during open-water pipeline

disposal operations descends rapidly to the bottom where it accumulates

under the discharge point in the form of a low-gradient fluid mud mound.

Because the dissolved oxygen levels in the fluid mud layer are close to

zero, the impact on benthic organisms covered by the fluid mud may be

significant.

During open � water pipeline disposal operations only one to three

percent of the material remains suspended in the water column above the
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fluid mud layer in the form of a turbidity plume. The characteristics of

the turbidity plume are highly dependent on the hydrodynamic regime in the

area, the sediment being dredged, the production rate of the dredge, the

age of the plume, and the water depth. With estimates of these parameters,

a prediction of the solids concentrations as a function of distance from
23

the discharge can be made using a series of nomograms.

The turbidity generated by the dredging process is generally very

small compared to that generated by the disposal process, particularly

when open~ater pipeline disposal is used. Downstream of clamshell opera-

tions turbidity plumes may be 300 to 500 meters long with suspended solids

concentrations in the water column of generally less than 500 mg/R. Within

3 m of the cutter of a cutterhead dredge suspended solids levels may be as

high as a few tens of grams per liter  g/t! with concentrations decreasing

exponentially with distance from the cutter. Suspended solids levels in the

vicinity of the cutter tend to increase with increasing rates of production.

Around a hopper dredge draghead turbidity levels are probably less than a

few grams per liter. Turbidity levels in the near � surface overflow plume

decrease with increasing distance from the discharge ports and quickly

reach levels of less than 1 g/R.

A commonly used method for controlling turbidity involves the use

of silt curtains or turbidity barriers. These are simply impervious

plastic curtains used to surround a source of turbidity. These curtains

were extensively evaluated and their effectiveness was determined. In

general, the silt curtains are not effective in areas where currents

exceed approximately one knot or where high waves can be expected;

however, silt curtains may be effective in quiescent areas. Guidelines

and specifications were developed for the procurement and use of silt

24
curtains.
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Concludin Remarks

As a result of the DMRP many major questions associated with the

environmental impact of dredging were evaluated and methods to minimize

any adverse effects developed. Of course, during the five-year period of

the DMRP all questions could not be answered and, in fact, some were not

even addressed. Many of these questions are now being evaluated through

research being conducted jointly by the Corps of Engineers and the U. S.

Environmental Protection Agency  EPA! as part of their effort to develop

criteria and guidelines. Some remaining questions concerning long-term

effects of dredged material disposal are also being addressed through the

Corps of Engineers Dredging Operations Technical Support  DOTS! program.

In this program relatively low-level monitoring of some open-water disposal

sites and habitat development sites is continuing. Also verification and

refinement of many of the techniques discussed in this paper will continue.

As part of the DOTS program the WES provides assistance to the various Corps

of Engineers elements in assessing potential problems and in developing

methods of minimizing or alleviating adverse environmental impacts associ-

ated with dredging and disposal operations.
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ABSTRACT

Dewatering confined dredged material using explosive trenching

methods has undergone two ma! or trials by the Panama Canal Company's

Dredging Division. Ditching unconsolidated dredged material has here-

tofore been a costly operation requiring either special equipment or

costly ancillary cribbing to use standard excavation equipment. The

Panama Canal Company, using conventional explosives, has developed a

ditching technique that has proven effective and economical. The

paper discusses the techniques and methods used in two distinct con-

fined disposal areas and the results obtained thus far in the post

ditching evaluation.
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INTRODUCTION

The disposal of dredged material is a major problem found every-

where in the dredging industry. The Panama Canal faces the same pro-

blems port and river authorities have throughout the world--what to

do with the dredged material and how to manage it.

The Panama Canal Company's Dredging Division, which is tasked

with all maintenance and construction dredging throughout the major

waterway has developed and tested the use of explosives for the con-

struction of drainage systems to dewater confined dredged material.

This paper will briefly discuss the dredging mission, history and

equipment as a prelude to a more detailed description of the explo-

sive trenching techniques and the results obtained on two large

scale field trials.

When the Canal opened in 1914, 225 million cubic yards of earth

and rock had been tom from the j ungle and moved to create the water-

way. Since the opening af the Canal, four times more material has

been moved in maintenance dredging than was moved during the entire

construction period.
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DREDGING FLEET

In 1913, the Panama Canal's dredging fleet was centralized under

one division and headquartered at Paraiso, near Pedro Miguel Locks.

In September, 1936, the Dredging Division relocated to Gamboa, at the

north end of Gaillard Cut on the east bank of Gatun Lake, in order

to have the reserve dredging fleet north of any serious slide that

might occur in Gaillard Cut. Gamboa is the geographic center of the

Canal and thus the logical center for dredging operations. With the

dredging disposal areas used in dipper dredge operations located in

Gatun Lake and the equipment moored at Paraiso, such equipment would

have been practically useless if a slide had interrupted traffic

through the narrow eight-mile-long Gaillard Cut,

The present Panama Canal dredging fleet consists of three large

dredges, a multipurpose clamshell dredge, and a drillboat. The U.S.

MINDI is a cutterhead suction dredge capab1e of moving 1,200 cubic

yards of earth per hour. She is operated an average of eight months

each year in maintenance and capital improvement projects. The MINDI

is employed primarily in the Gatun Lake channels, the ocean approach-

es, the harbors and anchorage areas, but is occasionally used to

sweep Gaillard Cut. The MINDI is 295 feet long, 50 feet in beam, and

can dig to a 72-foot depth. She was built in 1942 and is being re-

powered with diesel-electric engines and modified with the addition

of a ladder pump and an additional main pump. Cutter horsepower will

be 600 and the total installed horsepower will be 11,000,
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The U.S. CASCADAS is a 15-cubic-yard steam-powered dipper dredge

with a normal production of 500 cubic yards per hour. The CASCADAS

was built in 1915 and when placed in operation, set what was believed

to be a world record for a day's work by any kind of excavating ma-

chine in hard material, excavating a total of 23,305 cubic yards of

rock and earth on February 18, 1916, during an actual working time

of 23 hours and 15 minutes. From October 31, 1915, to March 20, 1916,

slightly over 4 1/2 months, she excavated 1,447,900 cubic yards and

was delayed by breakdowns only 77 hours and 35 minutes. A 13-cent

Canal Zone stamp was issued on February 23, 1976, commemorating the

U.S. CASCADAS and her service to the Panama Canal. Despite her age,

th» CASCADAS remains a reliable and productive member of the dredg-

ing fleet. She has been operating for seven months this present

year in dredging blasted rock and earth, primarily from Galliard Cut.

Both of these dredges are operated 24 hours per day, 7 days per week

when they are in service.

A contract was awarded in 1976 for a new 15 � cubic-yard diesel-

electric dipper dredge to replace the inoperable and decommissioned

dipper dredge U.S. PARAISO, which has been out of service since 1971.

This new dredge, the U.S. RIALTO M. CHRISTENSEN, is the largest die-

sel-electric dipper dredge in the world and is presently in service

widening and deepening the Canal.

The CHRISTENSEN  a 15-cubic-yard dipper dredge!, manufactured by

the Hakodate Dock Co. in Japan, was delivered in September 1977, and
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has undergone start-up trials during the previous year. Powered by

two 2,1SO hp main engines, this diesel-electric dredge can dredge at

depths of 60 feet with a cycle of 60 seconds and develops a total ex-

cavating force of 320,000 lbs. Initial operations indicate that the

CHRISTENSEN will dig harder material faster than the record breaking

CASCADAS.

The crane barge/clamshell dredge U.S. GOLIATH, which can be

equipped with a 7 I/2 cubic-yard clamshell bucket, was built in 1969

and is primarily used for removing large boulders and small shoals

which frequently develop in Gaillard Cut and also provides a float-

ing heavy lift capability of up to 90 tons.

The drillboat U.S. THOR is a diesel, pneumatic-powered floating

drill platform which mounts four drill towers. The THOR is employed

in subaqueous drilling and blasting. Such blast fracturing is re-

quired in rock areas in order for the dipper dredge to excavate the

material. The explosive currently used in these underwater blasting

operations is 60 percent ammonium nitrate gelatin dynamite. Water-

gel explosives are being tested to determine if they are adaptable

to the underwater blasting operations in the Canal. The most effi-

cient and economical. rock breakage in Gaillard Cut is achieved by

drilling on 9- by 12 ' 5-foot centers and using a powder factor of

1,5 pounds per cubic yard.

Supporting this dredging fleet is a variety of tugs, launches,

work floats and lighter barges. The frequent movements of this
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support equipment and the continuous operations of the dredges and

drillboat proceed without interference to transiting vessels.

DREDGED MATERIAL DISPOSAL

As material is dredged from the Canal, it must be disposed of

rapidly and efficiently, Positioned throughout the length of the

Canal are disposal areas for the deposition of dredged material.

Many of these areas are located in the man-made fresh water Gatun

Lake, a sufficient distance from the canal prism to minimize re-

silting of the Canal. Our main disposal areas on the Pacific and

Atlantic entrances are located on the banks adjacent to the Canal in

confined or diked areas. Due to the accumulation. of dredged material

over the years, and the continual raising of the confining dikes, we

have reached a point where additional raising of the dikes will be

very expensive because of slope stability considerations. As a re-

sult, the Panama Canal Company is reevaluating its past dredged mate-

rial management practices in order to maximize the space available

inside the confined dredge disposal area.

The material dredged from Panama Canal waters in maintenance

dredging operations is uncontaminated by industrial and agricultural

pollutants, although there are highly localized small areas of bio-

logically active material near sewerage outfalls. Therefore, the

disposal of the material in land and water disposal areas has not

generated the adverse environmental impact prevalent in other area
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of the world. Sixty years of observation plus a recent study by con-

sultants on the environmental effects of dredging and disposing of

dredged material have indicated that the effects of such operations

on this largely man-made environment are, if anything, benign,

During the period from July to December, 1976, while performing

routine harbor and channel maintenance dredging, the cutter suction

dredge U.S. MINDI pumped l.7 million cubic yards inta the main Pacific

disposal site, Velasquez, which amounted to a depth of approximately

four feet throughout the 260-acre area.

This disposal area was origirrally established in 1946 and has

been used on a recurring basis since that time. The present eleva-

tian is some 30 feet over the original swamp and the containment

dikes have been successively raised to provide additional volume.

As is unfortunately a common practice in such case~, na provision far

underdrainage was provided at the outset, therefore the area has be-

come increasingly smaller as the dike construction encroached on the

storage area. Land development surraundirrg the site has limited the

expansion of the disposal area. An alternate disposal site has

fallen prey to the conservationists and has been designated a wild-

life sanctuary, so a very real problem so common to all of us in the

dredging industry faced us squarely. On the basis of our close

tracking of the extensive WES Dredged Material Disposal Studies it

appeared as if dewatering offered some potential relief to our plight.

In 1976 our first feeble dewatering efforts commenced at Velasquez
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with the drilling of six 8-inch horizontal drain holes through the

toe of the dike some 100 yards into the dredge material. Gravel was

blown into the 8-inch PVC casing in some cases and in others the

casing was left unpacked. The results were initially good with heavy

flows of highly saline water developing. These results were short

lived and dewatering highly localized. The drain pipes were blocked

by the fine clay silt and after some further futile efforts the pro-

ject abandoned. The dike was raised some five feet with a final dike

elevation as high as forty feet over original grade in some areas.

The idea of dewatering still remained active in our thought pro-

cess and results reported at last year's Dredging Technology Seminar

reinforced our conviction that there had to be an economic means to

efficiently drain at least the surface water from the disposal area

in order to enhance evaporative drying and consolidation of the

material.

Because of our extensive experience and involvement with explo-

sives it is not surprising that explosive trenching developed as a

primary experimental project ta establish a surface drainage system.

Therefore, in March 1978, explosive operations were begun to con-

struct a series of drainage ditches to provide a fast runoff of water

during rains. The benefits of evaporative drying have been well es-

tablished by previous studies and actual practice so our presentation

deals with the mechanics of installing drainage ditches and the re-

sults that we have experienced.
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ALTERNATIVES CONSIDERED

Light-weight excavation equipment that may be local.ly available

in proximity to United States dredging works was simply not avail-

able from Panama Canal resources or from contractors in the Republic

of Panama. Company-owned conventkoTral excavation equipment could

not be used because it was committed on other jobs in the Canal to

support canal operation and for essential work in the community.

Contractor excavation costs in the Canal Zone are somewhat higher

than in many United States locations for a variety of reasons: i.e.,

lack of competition, expensive repair parts, inefficient contractor

practices due to low experience levels, high demand for equipment

during the dry season, higher cost of government work, etc. It was

estimated that conventional excavation, if available from contractors

 clamsheils, backhoes, draglines, all working off pads! would cost

between $5-$7/yard.

Using explosives was considered and we decided to run some tests.

Me consulted FM|'5-34, the Army Engineer Field Data, and found that

using explosives was a proven military method of constructing ditches.

The Engineer Field Data did not provide us with the precise informa-

tion we needed because of the difference in explosives we were using.

The standard explosive used in the Panama Canal is 60 percent ammo-

nium-gel dynamite, 3 inches in diameter, 2 feet long, and weighs

8.33 lbs. per stick.
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Running a series of test shots showed that a pattern of 1/2

stick or 4 lbs. at 3-foot intervals produced a ditch 5-feet deep by

10-feet wide. Successive blasting to deepen the ditches was not as

effective. A pattern of 1/2 stick at 3-foot intervals following the

initial ditching resulted only in an additional 1/2 to 1 foot of

depth, and this effort has gone back to the drawing board. After

these successful trials we decided to perform a large scale field

trial in the Pacific diked disposal area.
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LAYING OUT OUR DITUH I.INK

The low end of the Velasquez disposal area was selected for the

ditching since we thought the high end would drain naturally, due to

its higher elevation. The high end of the disposal area is located

near to the two dredge pipe discharge points and the elevation drops

off from these points with the lowest elevations near the single drop

inlet spillway. There is a 3- to 5-foot difference in grade between

the high and low end of Velasquez.

The ditch lines were laid out more or less perpendicular to the

contour lines. Our original ditch line was laid out using two drain-

age outlets as shown. in Figure l.

We had to somewhat modify this pattern because the southwest

part of the disposal area was still too fluid and too unstable to

sustain ditching. The explosive just churned up the dredged material.

Three days later, however, the immediate area where the explosives

were detonated had settled by as much as 1 1/2 feet in some areas.

This was caused by the exposure of the underlying very wet material

to evaporative drying.

Unable to follow our original pattern, we modified it to meet

field conditions, as shown in Figure 2.

Our completed pattern gave us drainage throughout the lower end

of the Velasquez disposal area.
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FIGURE I
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Despite the complete absence of rain during the duration of this

project, which was accomplished during the four � month dry season,

water began to accumulate and flow in the ditches. There was no

water immediately following the blast, but on the following day,

water had accumulated and was flowing. Water was draining from the

exposed ditch wall, thereby helping the process of consolidation in

the vicinity of the ditch line.

The trenching production rate was in excess of 1,000 feet per

day and the entire project was completed in three weeks. The total

cost was about $21,000.

Dynamite, primacord, caps, etc., were $9,000 and labor was

$12,000, or a completed cost of about $1 per lineal foot. The most

time-consuming operation was transporting the explosives to the site,

which was done manually.

The following sequence was used in constructing the ditches:

1. The ditch line was laid out.

2. Dynamite intervals measured.

3. The hard crust removed by a post-hole digger where

necessary.

4. Holes formed using a wood plug forced into the material.

5. Dynamite with attached detonator cord placed.

6. Detonator cord attached.

7. Blast.
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PROCEDURE

The first three blasts were approximately 1,000 feet or 1,000 lbs.

each and despite the close proximity to the housing area, no damage

occurred until the third blast, which had progressed several hundred

feet closer to the Navy and Marine housing area, where approximately

45 window panes were broken.

The blasts were reduced to 500-foot lengths and the occupants

were instructed to open their windows immediately prior to the blast.

This procedure eliminated further damage.

The atmospheric conditions during blasting were characterized by

northerly dry season winds of 15-30 m.p.h. and may have contributed

to the blast effect. Blasting was done in the afternoon, the time of

day of the high winds, because the Nursery School was in session in

close proximity during the morning hours, We delayed our shots until

there was a momentary wind lull and then shot. Debris was thrown

several hundred feet into the air and small particles a distance of

about 500 feet. The large clumps of crust and muck were deposited

adjacent to the ditch line,

Navy security personnel provided an invaluable assistance to our

efforts in providing security. Despite some inconveniences, the en-

tire Navy community gave us their support, which made this type of

project possible.

In the seven months since the project was completed, there has

been some siltation in the ditches but even during heavy tropical
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downpours, there is still about a foot of freeboard in the ditches

with the ditches flowing full.

Our results are still coming in; i.e., moisture content of the

soil and the increase in volume due to drainage and consolidation.

However, some things are readily apparent. The high end of the dis-

posal area, despite our assumption that it would be well drained, re-

mains wet and soggy while the low end, where the ditches are construc-

ted, are dry and can be walked on without picking up any mud one day

after a heavy rain.

So it appears that in order to get beneficial results throughout

the site, the entire area must be provided with drainage channels.

MAINTENANCE OF DITCHES

We have deliberately performed no maintenance on the ditches in

order to determine the effects of siltation/erosion.

Our preliminary data indicates that these ditches could be self-

cleaning to some extent providing the proper gradient is used. Another

factor is the length of the ditch which will provide a self-cleaning

action near the outlet  as more and more water flows into it! while

having the inevitable siltation near the start of the ditch.

The maximum ditch width has increased to about 16 feet while the

depth has decreased to about 3 feet, resulting in a shallower but

wider ditch with a greater water carrying capacity. Rainfall from

March to October of this year has been 64 inches, and this translates
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into a volume of over 60 million cubic feet of water that has passed

through these ditches.

After the completion of drainage ditches at Velasquez, we moved

to Telfer's Island on the Atlantic where a slightly different tech-

nique was used. Telfer's Island has a dense concentration of mangrove

and roots and the charge was increased to a full stick  8.33 lbs.! at

5-foot intervals. This gave us a slightly wider ditch with gentler

sloping sides permitting the ditches to stay open despite the more

unstable material in that area as opposed to Velasquez.

OTHER BENEFICIAL RESULTS

The constructi,on of the drainage ditches has had other benefi-

cial effects. Mosquito control has been enhanced and the Canal's san-

itation Division has realized savings of possibl.y as high as $30,000

by not having to cut surface drainage ditches manually for mosquito

control and by reducing the amount of insecticides, etc. used for this

purpose. These savings alone pay for the outlay of construction.

Let us review some of the advantages of explosive ditching:

ADVANTAGES

l. Zero capital investment: Use existing on-hand tools and

methods. Conventional techniques require investment in

specialized equipment that may not be fully utilized.

2. Effective: Ditches are blasted to a depth of 5 feet.
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3. Quick: 1,000+ feet of ditch line can be easily con-

structed in one day.

4. Economical: Cost of S1.00 per lineal foot.

5. Safe: Provided safeguards and safe practices are

strictly adhered to.

LIMITATIONS

This new application of an old technique cannot be used in every

location. Where industrial facilities, transportation routes, or

residential areas are close at hand the local conditions may not per-

mit the use of high explosives, But, for the Panama Canal, explosive

ditching has proved itself a safe, efficient, rapid and cost effective

technique for dewatering dredged material in confined disposal sites.

SUMHARY

To summarize, dewatering dredged material is an accepted goal to

be striven for and presents manifold benefits. State-of-the-art drain-

age construction techniques reported in the literature were costly and

cumbersome. Establishing an effective and economic drainage system

using explosive trenching has sho~n encouraging initial results in our

two major field trials and may provide a useful tool to the dredging

industry in suitable situations. We are continuing to develop quanti-

fiable data on our field trials which will include soil analysis, wa-

ter table elevation changes, net surface drainage and other parameters

that will assist in the extrapolation of our results to systems having

diverse characteristics.
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A HISTORY OF DREDGING AT THE

MOUTH OF THE MISSISSIPPI RIVER

1
by David F. Bastian

ABSTRACT

Almost from the time of its discovery in 1682, the mouth of the

Mississippi River has needed dredging. The founding and development of

New Orleans was delayed because of natural navigational restrictions.

The, first dredging was performed in 1729 and was done sporadically there-

after until the l850's when it became an annual affair until interrupted

by the Civil War. Politics, economics and nature all combined to retard

the implementation of dredging. Due to a lack of understanding of

sediment transport many schemes used to open navigation resulted I.n

failure. The magnitude of the problem promoted many unique types of

dredging apparatus.

1Engineer, Chief, Chesapeake Bay Model Branch, Chesapeake Bay Model.
Stevensville, MD 21666
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Fallowing the discovery of the mouth of the Mississippi in 1682, the

French had visions of developing the interior. Such efforts were part ic-

ularly inhibited by limiting depths over the bars guarding the various

passes at the mouths of the river.

New Orleans was finally established around 1718 and the need to

provide a navigable channel at the mouth of the river became more acute.

Harrows were shipped from France the same year but were unloaded and suL.�

sequently lost because the engineer who was going to use them died. To

aid navigation, a pilot was hired and headquartered at Balize but the aced

for dredging still remained. Dredging was finallv performed in Balize
1Pass in 1729 and was credited with ach1eving a channel of 17 feet. t"hat

type of dredge and how long it was used is not known. Figure 1 shows a

type of dredge that the French used at the time and had been suggested

for use in Louisiana. It was a dipper dredge using a mill for a winch

and a barge to carry off the dredged material.

The entrances  passes! of the river continued to shoal and shift.

The shoaling was an annual event generally accompanying the winter floods

and January through April were often the worst months. Ship captains

continued to complain but no dredging was done, Problems were increased

due to the monopolistic pilot system that had developed over the yea.s.

These problems continued and increased when Louisiana came under Spanish

control in l767.

The problems of navigation at the mouths af the river became those

af the United States when she aequi. ed Lauisiana in 1803. Although con-

cerned with the problem there was 1'ttle if any dredging occurring else-

where in the United States at the time and certainly none under the

federal government.



Figure 1. French pontoon-dredger, with power
supplied by tr eadmi1 1s, 1745
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Lack of action to improve the channel was partially overcome by the

design and construction of different hull forms and by usage of towboats

to tow ships across the bar.

In 1828, Lieutenant Alexander H. Bowman of the Corps of Engineers,

made the first federally sponsored survey of the passes. The intent was

to determine the practicability of constructing a breakwater harbor outside

the mouth of the river to protect ships until there was sufficient depth

to cross the bar. Such a harbor was concluded as unfeasible and a second

survey was ordered in 1829. Captain Richard Delafield made this survey

but confined it to the Southwest Pass. During his inspection he noted

that ships still used warping - a practice introduced by the French over

a century earlier.

Delafield's report gave three proposals for improving the channel

across the bar at the Southwest Pass which at the time of his survey had

a limiting depth of 13 1/2 feet at low water. One proposal was to confine

the channel with jetties and let the increased resultant velocities scour

the bar. His other two proposals were dredge the bar by plowing or dig-

ging and removing the shoal material. The cheapest and easiest would be

to plow or scrape the bar into the flanking troughs. None of these ideas

were new but more important none of them were acted upon. The desperation

of the situation prompted the State Engineer of Louisiana, Benjamin Buisot!,

to propose a canal between the river and the Gulf. The proposed location

was a few miles below Fort St. Phillip. His suggestion met the same fate

as Delafield s.!

It wasn't until 1836 that the Senate finally took up the problem again.

The result was another federal survey. This time, 1837, it was directed by

Lieutenant Benjamin Poole.
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Poole concluded that only two of the passes were potential candidates

for improvement. Of the two, he favored the Southwest Pass over the North-

east Pass and believed that by dragging the former for a length of 300

yards he could obtain a navigable depth of 16 feet across the bar.

Captain William H. Chase elaborated upon Poole's report and suggested

three options for navigation. Dne was to close all but one pass. A second

was to dredge the bar and confine the channel with j etties. The third, his

favorite, was to build a ship canal. He submitted great detail on each.

The dredging option included a cost estimate for improving the Southwest

Pass whereby five dredges would be used ta dredge a channel, 5500 Feet lung

and 300 feet wide, by removing the upper three feet of the bar for $2~0,000

For another $160,000 and four more dredges, the Northeast Pass could be

dredged. Thereafter, the channel could be maintained for $144,000

3
annually.

George W. Long, the State Engineer, felt that dredging was too short�

term but favored it as the easiest and cheapest method provided it was in

the form of scraping.

After three surveys and 34 years, the United States authorized

dredging in the act of March 3, 1837. Chase was promoted to Major and

Chief Engineer of Mississippi Improvement. He placed Captain Andrew

Talcott in charge of the dredging.

The Engineer Department had a Ladder bucket dredge built in

Philadelphia. The dredge was named BELIZE. This self-propelled vessel

had a set of buckets on each side. Each 5-foot-wide bucket had a 27-cubic--

foot capacity and was spaced eight feet from the adjacent buckets. Due to

ice on the Delaware River a trial was delayed until the SELIZE reached the

Mississippi in Nay 1838. The cast-iron chains forming the endless loop
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connecting the buckets repeatedly broke and interrupted progress,

Eventually wrought-iron chains arrived from Philadelphia and dredging

4
resumed in September.

June soundings had revealed that Northeast Pass was the least shoaled

so dredging was performed there, and, by January 1839, a channel 900 by 100

by 16 feet had been achieved. Dredging continued intermittently until

April when the 1836 appropriation of $75,000 and 1837 appropriation of

$210,000 were exhausted. With no more money appropriated the BELIZE was

laid up in Mobile and never returned to the Mississippi'
5

In January 1838, before the arrival of the dredge BELIZE at the passes,

Talcott organized two survey parties to conduct a topographical and hydro-

dynamic survey of the passes. One was headed by William H. Sidell and the

other by George G. Meade. Their reports were not submitted until October

of that year, or several months following the initiation of dredging. The

board of engineers which reviewed Talcott's subsequent report, through a

process of elimination, promoted dredging as the best method for deepening

the entrance of the Mississippi River. Chief Topographical Engineer,

Colonel John J. Abert, reviewed the board's findings from which he made his

comments in the annual report to the Secretary of War for 1839. Abert

6
supported dredging but no new appropriations were made.

The cotton trade continued to grow. Strangely enough, the shipping

or trading season corresponded with the shoaling season. Each year as the

bars would choke the passes, vessels would be delayed, sometimes For weeks,

New Orleans was anxious to maintain its position as a leading port and

looked to dredging as the one feasible way to provide help.

With no new federal action in 1841 the Louisiana Legislature asked

Congress to examine the potential use of a submarine plough invented by
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7
Putnam to scrape the bars. William B. Davis contacted the engineer

Department directly lobbying for his own contrivance, a submarine wheel.

Davis, aware of the stratified flow over bars, proposed that his wheel

would raise the bar material above the saltwater wedge and set it in sus-

8
pension to be removed by the ebbing fresh water.

Accidents, groundings and detentions at the passes continued. In one

reported case, the bar shoaled to a limiting depth of 11 feet while as many

as seven ships at one time were left waiting inside the bar to cross. The

severity was such that in 1844 the State Legislature of Louisiana again

solicited Congress for help. Still nothing was done.

In 1850, 2,720 ships took pilots. In the same year Congress acted by

appropriating $50,000 to conduct a topographical and hydrodynamic su~ey of

the lower Mississippi for the purposes of planning future flood control and

navigational legislation. This study, undertaken by Captain Andrew A.

Humphreys and Lieutenant Henry L. Abbott, was not completed until 1861.

Louisiana initiated their own survey and hired Professor Caleb Forshey of

New Orleans to investigate the passes. Forshey's report was completed in

1852 in which he proposed that the federal government close all but the

one pass and confine it with jetties. But, he warned, this would ulti-

mately form a new delta with the same old problem. For immediate consider-

ation he proposed raking the bars. His idea was ta employ a steamboat

to drag a crescent-shaped harrow 30 feet wide with tw'elve l8-inch-long

teeth. He claimed that this method would provide a navigable depth of

17 feet at the Southwest Pass. In a third study, the Bureau of Topo-

graphical Engineers contracted Charles Ellet, Jr. to determine the

proper mode of deepening the channels across the bars. His report,

entitled The Mississi i and Ohio Rivers, was published in 1.853. Filet
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conjured up a novel dredge to clear the bars. Basically, he designed an

agitation dredge. He proposed mounting six to eight 20-foot-long 18-to

20-inch diameter tubes onto a steamboat. These tubes would be angled into

the water and submerged eight to ten inches into the bed. He reasoned that

the 6 to 7 mph speed of the vessel would cause the slurry to rise up the

tubes and spill out in the fresh water. His scheme was impractical and

was roundly attacked in 1852 by Forshey and Albert Stein, a civil engineer

from Mobile.
10

Two major occurrences in 1852 resulted in Congressional action.

First, the worst blockade in history occurred at the passes. One ship was

stuck 83 days at the Southwest Pass. The second was the news that the Navy

turned down a bid by New Orleans for a naval yard because of insufficient

depth at the passes. The Chamber of Commerce reacted and solicited the

aid of other states in the Mississippi. valley. Congress responded to their

pleas on August 30, 1852, by authorizing $175,000 for the clearin'g of the

passes.

Of course, no action could be taken without another survey, Major

Chase was chosen to head a board to study the appropriate methods of

clearing the passes. They reported on the usual and previously proposed

methods but unanimously recommended stirri~g as the easiest and cheapest,

G. T. Beauregard, a member of the board, lobbied for his own invention

which he called a self-acting bar excavator which was supposed to be able

to direct the .,urface current down onto the bar and scour it. The inven-

tion consisted of box or rectangular solid open at both ends and at the

bottom. The top sloped downward in the direction of flow reducing the

cross-sectional area of fIaw, thus increasing the velocity and sediment

11
transport capacity.
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The board took a conservative approach and signed a contract with the

Ocean Tow Boat Company and the Star Tow Boat Company on November 18, 1852,

to create a channel across the Southwest P;.ss 18 feet deep and 300 feet

wide. The contract was for $75,000 payable upon completion. The companie::

supplied two tow boats. The dredging apparatus for each consist~d nf large

triangular harrows, armed with iron teeth or coulters, protruding 15 to 18

inches below the timbers of the harrow. By dragging this along the bottom

of the channel, the current was assumed to sweep the loosened materi.al intc

deep water outside of the bar. The harrows were pulled across the bar

except when ship traffic was great during which the dredges towed ships

across the bar. Interestingly, Beauregard supervised the contract. The

contract was complete in November 1853 but no money was appropriated for

12
maintenance dredging.

Zn 1856, $330,000 was appropriated by Congress for the opening and

maintenance of both Southwest Pass and Pass a 1'Outre provided that the

work must be done under contract. Advertisements requesting bids were

issued. Two of the responsive bidders proposed dredging while a third,

Craig and Rightor, of Newport, Kentucky, proposed using wing dams somewhat

like what had been used on the Ohio River since 1825. With the wing dame

or jetties they claimed that they would provide a channel 20 feet deep

and maintain the channels for another five years for 36,000 per year.

A contract was signed with Craig and Rightor November 14, 1856. to

provide channels across the bar 18 feet deep and 300 feet wide. The

Southwest Pass was to be completed by September 13, 1857, and P,.ss a 1'Oi r..

by February 13, 1858. Lieutenant Colonel Stephen H. Long was in charge of

the project.

Craig and Rightor using the patented kleig pile dams began installatioi
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of the jetties with a pile driver. Progress was slow and uncertain,

Despite no apparent increased depths resulting from the jetties, complaints

surfaced from shippers that the currents had increased. Time extentions

were requested and granted. With continued questionable results, the

contractors began experimenting with dredging, On March 22, 1858, the

DOWNS was used as a scraper dredge. When the scraper was lost it was

replaced. with two small semi-circular buckets. Dipper dredging was very

inefficient because of the difficulty in discharging the dredged material

from the buckets. Next they resorted to blasting. The blasting was done

with powder-filled canisters submerged 7 to 20 feet below the water

surface. The canisters were set off electrically rather than by hammer

which made the operation more efficient. This work was directed by

George L. Baker who had previously been employed by the government in

blasting out the rocks in the Hell Gate channel north of Manhattan Island.

On May 28, l858, the contract depth had been achieved at the Southwest

Pass and similarly the contract depth was achieved at Pass a 1'Outre on

September 10, 1858.

No maintenance had been performed in the Southwest Pass since May.

By December, surveys showed limiting depths of 14 feet. Craig and Righto'

had Baker back blasting in the Southwest Pass in December and January but

the new Government supervisor, Charles A. Fuller, reported the effects of

the blasting to be unsatisfactory. He claimed that they only produced

holes 3 to 4 feet deep and about 10 feet in diameter and these filled

within one to two days. Craig and Rightor abandoned the project in

January, 1859.

With the maintenance effort a failure, the passes shoaled so badly

as to produce the worst blockade in history. By February 1, t'here were
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a reported 49 vessels detained at the mouths of the river waiting for

sufficient water. Some of these vessels had left New Orleans as early as

December 9. Fifty more vessels were Loaded and ready to leave New Orlean..

Such an uproar was raised that delegation after delegation made in-.

vestigations of the passes to determine the validity or extent of the

incredible stories of delays and difficulties associated with navigation.

at the passes. By late February the Limiting depths were 12 L/2 feet at

Southwest Pass and ll 1/2 feet at Pass a 1'Outre. By early March, 55

vessels were detained at the passes where the limiting depth had increased

to 15 feet but the channel was too crooked for ships to follow across the

bar even with the aid of a towboat.

The Corps of Engineers and the use of jetties came under fire.

Numerous editorials blamed both for the difficulties. However, Craig and

Rightor blamed the towboat association; the group that had successfully

cleared the passes in L853. They were accused of such action as purposely

towing ships with 19-foot drafts across the bar until these ships grounded

and then abandoning them causing the shoal to allegedly worsen.

While accusations were being made the shipping rates and cost of

trading at the port of New Orleans skyrocketed. The Chamber of Commerce

and the Board of Underwriters of New Orleans suffered the most.

Again a series of ideas, both old and new, were advocated for the

clearing of the passes. Two of the more novel were E. B. Bishop' s

14 �1!
patented screw dredge and the using of the drydocks at Algiers as "cern=-L,:"

to ferry the ships across the bars. The State of Mississippi wanted to

eliminate the problem altogether and proposed a railroad from the interior

to a Gulf Coast port.

T.ong o<ficially terminated Craig and Rightor, and on March 24, 1859,
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signed a contract with Charles S. Hyde to dredge for one year for $67,500.

By this time a rise in the river affording 17 feet of water at the South-

west Pass had freed most of the ships.

Hyde commenced dredging May 12, 1859, us'ng a side-wheel steamer,

P. F. KIMBALL, to drag the bar. The scraping apparatus was attached just

in front of the bow and the P. F. KIMBALL would back out with the surface

ebb current dragging the bar, raise the scraper and return above the bar

to repeat this action. Scrapers were constructed of boiler iron and

mounted on the under side of a 24-foot-long horizontal oaken beam. Each

scraper was about 4 feet wide and protruded 18 inches below the beam to

which it was mounted. The frame supporting the scraper was connected to

or pivoted from the sides of the steamer by long arms. The beam ta which

the scrapers were attached was raised and lowered by chains by means of a
16small engine and capstan. Hyde then bought the ENOCH TRAIN in Boston which

used propellers at the stern to cut and stir up the bottom sediment. Water

tanks enabled the captain of the dredge to obtain the desired draft. The

problem with the ENOCH TRAIN was that the propellers broke or were stopped
17by the mud. The two dredges produced little good and the contract was

cancelled io October.

A new contract was let on November 19, 1859, with Thomas McLellan,

manager of the Crescent Towboat Company, for $4,440 per month. Dredging

began January 2, 1860, using a scraper designed by Long, consisting of an

oak beam 12 by 24 inches, 18 feet long, onto which were attached five semi-

cylindrical scrapers made of boiler iron. The scrapers spanned 15 feet and

were positioned a few feet in front of the bow. Each drag was hoped to

scrape a depth of 18 inches. First the MOB LE aod then the PANTHER served

as the dredge boat in a fashion similar to the P. F. KIMBALL.1.8

175



Like previous dredging efforts there were continued mechanical break-

downs with the dredging apparatus. Thinking something was lodged in the

bar, Fuller removed the scrapers and raked the bar for twelve days finding

nothing harder than stiff blue clay. He replaced the harrows with a new

scraper designed by Long. During the same month a ship drawing 20 feet

of water crossed the bar with the aid of one towboat.

Dredging continued at Southwest Pass with few interruptions until

February, 186l, when slowness of payment by the Government resulted in the

balking of the contractor. Considerable shoaling during the following two

weeks prompted action and dredging resumed. Disloyal movements in

Louisiana caused the War Department to suspend dredging on March 7.

During the contracted maintenance of Southwest Pass in 1860, Pass

a l'Outre was the most heavily trafficked. It is suggested that the scrap-

ing by the ships' bottoms and action of the propellers helped keep the

channel open with dredging.

After the Civil War, New Orleans was anxious to recapture her old

trade; but to become a competitive port, a navigable channel would have to

be provided. By January l0, 1866, the passes shoaled to 14 feet which re-

sulted in the worst impediment to traffic since L859. Not waiting for the

Federal Government, two private attempts were initiated to clear the passes

The local agent for the Star Line, mail steamers operating between New York

and New Orleans, proposed stationing a tow boat at the bar to tow a "heavy

revolving wheel 28 or 30 feet in width, armed at all sides with cutters so

arranged as to raise the sand and break the clay." General Beauregard had

a bill introduced in the Louisiana Legislature which would allow him to

form a company to maintain navigable channels by harrowing the bars the

money for which would come from tolls. The New Orleans press strongly
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denounced this idea and the bill died in committee.

By the end of spring and trading season, the bars scoured and local

concern subsided. However, on June 23, 1866, $75,000 was appropriated by

Congress for the improvement of the mouth of the Mississippi, Brevet

Lieutenant Colonel Miles D. McAlester, Captain of Engineers, was ordered

to take charge of the project. After inspecting the passes, McAlester

reviewed previous dredging attempts at the passes, Of the four types of

channel Improvements: dipper or bucket dredging, scraping, raking and

use of jetties, he felt that scraping was the best. He proposed a new

device looking like a medieval mace which would be attached by chains

and rope from a steamer. He also wanted to incorporat'e a double-ended

propeller and variable draft like the ENOCH TRAIN to help the stirring

process.

The Corps of Engineers advertised for bids to open a channel 18 feet

deep and 200 feet wide. To be responsive the bidders had to bid on

dredging by scraping or harrowing. Two bids were received. The one from

McClintock and Scott was for jet dredging where they would build a dredge

with a series of 1-foot diameter hoses to scour the bed material. They

added to their design heavy revolving harrows to be drawn over the bar just

20in front of the jets. Their contrivance called for an adjustable frame so

they could control the distance from the center of the revolving stirrer

and the jet or pipe openings to the bed. The details of this feature were

left to the builder as was the manner in which this apparatus was to be

moved. McClintock and Scott claimed to have built a prototype and in a

trial at a 50-foot depth excavated a 25-foot hole. The winning bid was to

a company headed by Horace Tyler that proposed using Bishop's patent, The

contract was signed November 5, 1866, and the contract was to be completed
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by January 23, 1867.

Construction of the dredge didn't get started until January and

already the bars had shoaled enough to cause another blockade, By

January 19, 21 ships with drafts of 12 feet and greater were detained at

the passes. The passes were now worse because of abandoned wrecks.

While Tyler's dredge was under construction, the New Orleans

Lightering and Wrecking Company tried to get the Louisiana Legislature to

give them an exclusive charter to li.ft ships over the bars using the camel

or drydock method. Naturally, there was to be a charge for such service.

Charles F. Fisher of New Orleans thought he had the solution to the

problem with his newly invented bucket dredge which he claimed would

dredge 7,000 cubic feet per hour. McAiester, too, had new ideas. He

decided that the Government should have its own dredge and proposed a

dredge having a screw propeller at each end and a variable draft of 16 to

24 feet. Both propellers vould power the vessel across the bar and

agitate the sediments at the same time, 21

Tyler's dredge WIGGINS was completed March 19, 1867. Her dredging

machinery consisted of two 20-foot-long conica1 screws each with a 5-foot

diameter base and a helical flange, 12 feet vide at the base tapering to

6 inches at the points. The two screws were 20 feet apart at the base and

angled toward each other. The machinery worked well but under-powered

engines and too light a vessel made the dredge unfit for the job, The

contract was annulled in May.

ln March several significant events occurred. First, the Coast

Survey started an examination of the passes to be used for future dredging

plans. The second was a bill appropriating $200,000 more to the mainte-

nance of a navigable channel. The third was a bill allowing the Corps of
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Engineers to build and operate two dredges at the mouth of the river and

to apply previously appropriated money to the construction and operation

of such dredges.

With approval for one dredge McAlester modified his design slightly

to decrease the screw diameter to 14 feet and the maximum variable depth

to 22 feet. He also added a Long-type scraper in front of each screw.

On October 15, 1867, a contract for the construction of such a dredge was

signed with the Atlantic Works of Boston for $233,000. The contracted

delivery date was April 10, 1868. 22

As with the WIGGXNS, there were delays with the completion of the

KSSAYONS. Finally complete, the ESSAYONS sailed for New Orleans in June

and on arrival required repair and was not ready for dredging until

September.

The ESSAYONS got off to a dismal start. She broke down during her

September 19 trial and returned in October for a second trial. This

lasted nine days during which all four blades of the forward screw were

lost. After further repairs she returned on November 19 for two more

days before breaking down. This continued so that during the first ten

months the ESSAYONS only worked 68 days.
23

In early 1869 another blockade occurred. The ESSAYONS gave no relief.

The New Orleans Chamber of Commerce organized a Committee on Obstructions

to Commerce" and tried to get from the Federal Government both the ESSAYONS

and the remaining or unexpended funds. Their plan was to modify the

ESSAYONS by replacing its dredging apparatus with Bishop's screws.

In April 1869 Brevet Major Charles W. Howell, Captain, Corps of

Engineers, took charge of the project, and in May the ESSAYONS had secured

a channel 17 feet deep in Pass a 1'Outre while there was only 15 feet at
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the Southwest Pass. Nevertheless, traffic continued to use the latter.

Howell politicked with ship owners to get them to use the pass and finally

a ship draving 17 feet successfully passed through Pass a 1'Outre' Shortly

after this success a ship grounded in the pass while the ESSAYONS was in

bad repair and the channel suffered. Howell blamed the pilot for purposely

grounding the vessel.

By June, Howell had again obtained 17 feet in Pass a 1'Outre. To

guard agairst future sabotage by the pilots, he pressed for the establish-

ment of a bar master to regulate use of the channels, who would also be

the engineer in charge of dredging. In the meantime, the ESSAYONS was

sent to New Orleans for modification and to be prepared for winter shoaling,

Shoaling problems began earlier than usual with serious problems of

groundings and delays in October. The new blades and scrapers arrived in

December so after a 6-month delay the ESSAYONS was dredging again only to

demonstrate that the improvements broke as easily as their predecessors,

The shoals of Southwest Pass cleared in mid � February 1870, while con inued

dredging at Pass a 1'Outre gave only 14 feet of water by June as the South-

west Pass had daily traffic oi ships drawing up to 19 feet.

With Southwest Pass still the most popular, Congressional pressure

was applied to get dredging switched to Southwest Pass. General Humphreys

countered, offering to do so if Congress would appropriate $745,000 to

build two more dredges allowing one for each pass and the third to act as

a replacement. In July 1870, Congress appropriated $300,000 for the repair

of the ESSAYONS and for the construction of a second dredge to be used at

the mouth of the river. Repairs to the KSSAYONS were finished in October

and Howell, yielding to pressure, put her to work at Southvest Pass. In

four days the limiting depth was increased from 16 to 19 feet. An out-
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break of yellow fever temporarily halted operations as did minor breakdowns

in November and December. The ESSAYONS performed well in January and until

February 4 when the plow and propeller shaft were badly bent. She was

repaired and back at Southwest Pass on March 8. A confrontation with the

towboats resulted in an accident and damages to the ESSAYONS. During the

spring, the dredge would often achieve a channel 18 feet deep only to find

it had shoaled overnight.

The building of the second Government dredge was delayed until Howell

was satisfied with the improvements of the ESSAYONS which were to be in-

corporated in the new dredge. Howell was convinced that the improvements

were good by January 1871 and a contract was signed with John Roach and

Son of New York to build a dredge for $218,300 and deliver it by January 1,

1872. The McALESTER did not arrive in New Orleans until July, 1872.

The McALESTER incorporated further refinements over the ESSAYONS.

The forward screw was for dredging only, was brass with 6 blades, 12 feet

in diameter and weighed 23,000 pounds. The aft propelling screw had only

three blades.24

During the winter of 1873, the passes started deteriorating again.

In March, a 19-foot draft ship grounded at the bar in Southwest Pass and

the channel quickly shoaled to 13 feet. Howell cou1d get no cooperation

from the Towboat Association so he moved the dredges to Pass a 1'Outre.

The problem at the passes had really become critical. The number of

sailing and steam ships entering and leaving the river had decreased from

3,635 ships in 1869 to 2,478 ships in 1873. More reflective of the times

was the fact that the number of morc modern and deeper draft steam ships

entering and leaving had decreased from 2,117 in. 1870 to 829 in l873.
'1 5

Dredging operations had been a failure. The old idea of building a. canal
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connecting the river to the gulf had gathered tremendous momentum. Even

Howell publicly supported it. The St. Louis Merchants' Exchange hosted a

convention in May 1873 inviting all Congressmen. for the purposes of pro-

moting the canal.

Captain James B. Pads presented a resolution at the convention calling

for deepening of the Southwest Pass by building jetties. He rallied

sufficient support. A tremendous controversy arose over navigation by

canal or improvement through jetties. While the controversy raged,

dredging continued. 26

Eads was able to sell the Government on his scheme to create a

navigable channel by use of jetties. Eads was given South Pass and had

f reedom o f design as long as the j et ties were no closer than 700 f eet

apart. Eads was to receive $4,250,000 when a channel 30 feet deep by 35&

feet wide was attained. Meanwhile, Howell was still in charge of dredging

at the Southwest Pass and the canal idea was tabled.

To expedite progress, Eads contracted for three dipper dredges to

remove the shoal at the head of pass to allow more discharge through the

South Pass. These worked from November 1876 through February 1877.

Eads decided that a dredge was necessary for maintenance at the end

of the jetties. His understanding of tidal hydraulics was such that he

could see no way for agitation dredging performed by the ESSAYONS and

McALESTER to be successful. He believed that the current already carried

a full capacity of suspended load and agitation would only result in

shoaling. He therefore contracted for the construction of an hydraulic

hopper dredge. The G. W. R. BAYLEY was bui.lt by D. W. C. Carroll and

Company of Pittsburgh, Pennsylvania, and arrived a». Port Eads on

November l5, 1877. The hydraulic hopper dredge had a cutter suction head

182



and could dispose of the dredged material both by typical hopper fashion

or by pipeline. The BAYLEY could dredge between 1000-1500 cubic yards of
27

material an hour.

In the course of 150 years, the mouths of the Mississippi had

experienced a number of different types of dredging from the earliest
raking by the French through the ladder bucket, raking and scraping and
finally to hydraulic dredging in 1877. The problem of navigation had
fostered many schemes such as Beauregard's self-acting excavator, Bllet's
tubes and Bishop's screw which are silly in retrospect, We importance

of keeping the mouth of the lfississippi open to shipping was great enough

to encourage almost any scheme.
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Figure 4. Beauregard's self-acting bar excavator, patented 1853



Figure 5. Scraper dredge P. F, KIHBALL, 1859
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Figure 6. Scraper used on dredges PANTHER and M013ILE, 1860
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Figure 9. Dredging apparatus for WIGGINS, 1861
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Figure 11, Scraper on ESSAYONS, 1870
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DREDGING TECHNOLOGY FOR PCB REMOVAL IN THE HUDSON RIVER

by R. F. Thomas, F. Bryant, T. J. Toff lemire and I. Carcichl 2 3

ABSTRACT

The New York State Department. of Environmental Conservation

proposes to remove PCB-contaminated riverbed material from a

forty-mile reach of the Hudson River above Albany, New York.

The dredging program involves 1,500,000 cubic yards from

forty "hot spot" areas  greater than 50 micrograms per gram

PCB!. A feasibility report on the proposal was completed in

January 1978 and a preliminary design report is now being

prepared. Dredging systems which have been evaluated are

clam shell with mechanical and hydraulic unloading of scowls

and hydraulic dredging. A single disposal ~ite of approxi-

mately l50 to 200 acres is proposed. The disposal site

will meet state and federal requirements for chemical waste

landfill' Return dredge flows will receive a high level of

treatment through primary sett. ling, coagulation, flocculation

and final settling.

The dredging program and related remedial actions will

take two to three dredging seasons and have an estimated cost

of $250,000,000. Implementation is contingen.t upon federal

funding. A decision is expected in early 1979.

The proposed program may represent a solution for simil-

arly contaminated rivers. The dredging process, however, will

1 Project Manager, Malcolm Pirnie, Inc., White Plains, New York
2 Gahagon Bryant Associates.
~ New York State Department of Environmental Conservation,

Albany, New York.
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require careful control and management to minimize loss of

hazardous material. Dredging contractors will be encouraged

to develop innovative techniques and equipment which will

optimize dredging production with minimum loss of contaminant.
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Introduction

The purpose of this paper is to describe a program for

dredging PCB-contaminated bed materials from portions of the

upper Hudson River as proposed by the State of New York  see

Figure l!. The program described is based upon a feasibili-

ty report published in January l978 and a preliminary engi-

neering design report now being completed. The purpose of

the dredging is to remove PCB-contaminated bed material with

a. minimal loss of the contaminant and dispose of the dredged

material in a hazardous material containment area. The pro-

posed. work area involves a 40-mile reach of the Hudson River

between Albany and Fort Edward, New York.

The Hudson River is an estuary in the 150-mile reach

between New York City and Albany. Above Albany the river

has a series of 8 locks and dams that provide navigation for

the New York S-ate barge canal system and generation of

hydro power. These pools are a significant factor in the

characteristics of the upper Hudson River and act as sedi-

mentation tanks which have apparently trapped a significant

portion of the PCB discharged to the river. The river in

the proposed work area is typically 600 to 1,000 ft. in width

with maximum depths on the order of 20 ft. There are exten-

sive shallow areas with depths of several feet. A minimum

depth of l2 ft. is maintained in the barge canal. Locks

allow for barge tows 43.5 ft. by 300 ft. Minimum vertical

clearance through the barge canal system is L5.5 ft.
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PCB contamination in the river reach is highly variable

both longitudinally and across the river section. PCB

contamination also varies with depth in the river bed. Peak

values are typically reached at about 10 inches in depth.

Generally contamination does not exceed a depth of 24

inches. In the uppermost pool of the study reach  Thompson

Island! a contaminated depth of 24 inches is estimated. In

the remaining 7 pools contamination depths do not exceed 15

inches. Approximately 10 to 20 percent of the bed surface

in the areas to be dredged comprises silt sizes or finer

material.

The proposed dredging program will be limited to 40

"Hot Spot" areas where PCB levels exceed 50 pg/g. Hot. spot

locations in the Thompson Island Pool are indicated in

Figure 2. Maximum values of PCB measured are on the order

of 3,000 pg/g. Average values in the hot spots are approxi-

mately 125 pg/q. It is estimated that approximately 95

percent of the PCB present will be recovered from areas

dredged. This is based upon PCB loss rates for material

missed. by the dredge, lost to the water column at the dredge

wood and discharge to the river after treatment of return

flows.

A program of full river bed dredging in the 40-mile

reach would cost on the order of $200 million. A full

dredging program was judged not to be feasible at this time.
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Dred ing Volumes

Dredge quantities are based upon a minimum cut of two

ft. in the areas to be dredged. An additional 1 ft, overcut

has been allowed and volume estimates are based on a total

cut of 3 feet. The total dredging volume is 1,500,000 cubic

yards. Incentives are being considered to limit dredging to

cuts of 2 ft. in order to reduce the volumes of material to

be disposed and return water to be treated.

Alternative Dred in S stems

Alternative dredging systems investigated for the

program consist of 4 major elements.

o Descriptions of the areas to be dredged

o Dredge Transport Systems

o Disposal Site s!

o Return Flow Treatment

Each of the material-handling elements involves potenti.al

losses to the environment.

The performance and cost characteristics of alternate

dredging systems have been based on essentially convention-

al, currently available dredging systems. Information on

the pneuma and oozer type dredges is limited and these

dredges are not readily available in the United States.

Information on the economics of these systems is also not

readily available. In the event these conditions change

these systems will be given consideration for the dredging
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program.

Dredging systems which have been examined for the

dredging program are 16 in. hydraulic cutter head dredge,

5-cu. yd. clamshell dredge with mechanical unloading of

barges, and 5-cu. yd. clamshell with hydraulic pumpout of

barges. All dredging systems examined have utilized a single

disposal site. The use of one disposal site will minimize

local disruptions. A single disposal site also simplifies

the monitoring and maintenance requirements. All return

flows from the disposal site and materials handling systems

including precipitation will be treated prior to discharge

to the river.

The water treatment system at the site includes the

initial sedimentation which takes place in the primary

disposal area followed by secondary or settling ponds prior

to addition of polymers with flash mixinn and flocculation.

The barge pumpout system includes a provision for

recycling of pumpout water. This will minimize the load on

the water treatment system as well as the discharge of flows

to the river containing some trace of PCB. Water treatment

flow for the hydraulic dredge system is estimated to be 10

mgd. Return water flows for the mechanical unloading system

and the hydraulic unloading with recirculation will be on

the order of 1 million gallons per day. .ee Figure 3 for a

schematic diagram of the 3 alternate dredging systems under

consideration.
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Dis osal Site

All dredge material will be placed in a contained

disposal area of 100 to 200 acres which meets Federal EPA

and New York State criteria for chemical landfills. The

essential requirement contained in these criteria is the

existence of highly impermeable clay soils with permeability
-7

on the order of 1 x 10 c/s. The disposal area will have a

perimeter containment dike constructed of the clay material

to heights of 10 to 15 ft. The outside slopes of these

dikes will have a minimum slope of 1 in 4. Internal drain-

age systems which utilize available coarse materials are

provided in the preliminary design. An 18 in. clay cover

will be placed on the surface of dredge material and covered

with another 18 inches of coarse and soil material for turf

establishment. A diagram of the disposal area for hydraulic

pumpout is shown in Figure 4. The layout shown provides a

rather elaborate system of interior dikes. This system is

proposed in anticipation of encountering large percentages

of fine-grained materials which may be difficult to dewater

and complicate placement to the final clay cover. The diked.

channels shown will provide an opportunity to segregate fine

materials between fingers of coarse, stable materials. If

detailed river � bed probing indicates that fine-grained

material will not be a problem this complex layout will not

be necessary.

Estimated costs of the proposed dredging programs are

indicated in the following table.
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$/Cu Yd

13.70

15.50

Cu Yd

700,000

800,000

Cost

$ 9,600,000

12,300,000

Thompson
Island Pool

Other Pools

Total $21s900,0001,500,000

Remnant
Deposits $ 3,000,000290,000

~Pro ram Administration

An important requirement for the success of the pro-
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The program costs for the Thompson Island Pool are allocated
approximately as follows: Dredging/Transport 40/, Disposal
Site 5/, Water Treatment 20/, and Contingencies, Engineering

Monitoring and Overhead 40/.

The dredging program envisions a two-season program.

The first season involves the uppermost or Thompson Island

Pool reach of the river. The second season involves five

additional river pools. The remnant deposits noted in the

table will be removed in the first season dredging. These

deposits are remnant areas in the former pool of an old
river darn which has been removed. The remnant deposits are

essentially above present low river water levels. They will

be removed by conventional dredging and truck haul to the

single contained disposal area.

The program envisions the ultimate removal and destruc-

tion of the PCB contained in the dredged material at such

time as destruction becomes technically and economically

feasible.



posed dredging program will be dredging administration. It

is obvious that no matter how sound the engineering design

and specifications are for the program, ultimate success

depends on the day-by-day dredging operation. It is anti-

cipated that several aspects of dredging administration will

involve:

o prequalification of bidders

o preconstruction conference

improved dredging equipment

o improved dredging techniques

o dredging monitoring

Although essentially conventional dredging equipment and

systems will be utilized, it is anticipated that some im-

provements in actual dredging equipment and dredging

techniques may be possible to maximize recovery of PCB-

contaminated materials at, a reasonable cost. It is antici-

pated that extensive monitoring of the dredging activities

will take place to measure performance as well as to demon.-

strate that no unacceptable environmental impacts are taking

place. The dredge disposal site will also have an extensive

monitoring system for detecting any PCB leakage.

Pro ram Schedule

The State of New York intends to implement the program

upon the receipt of federal funds. Federal funds are being

sought under several provisions of the Federal Water Quality

Act as well as the possibility of special federal legisla-
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tion. It is hoped that some resolution of the funding

process can be reached early in 1979. In anticipate,on of
early federal funding the program schedule calls for:

o disposal site preparation in 1979,

o Thompson Island Pool dredging and remnant deposits

removal in 1980,

o dredging of remaining pools in 1981.

The dredging program proposed is not a routine project. It

will also be under close scrutiny by regulatory and environ-

mental groups to assure that the removal of the PCB contami-
nation from the river is being done in the most. efficient

manner possible. As such it represents a challenge to the

dredging industry to carry out the program in a sound and

economic manner.
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DREDGING THE PANAMA VS . THE'. SUEZ:

EJNIQUE PROBLEMS FACING EACH OF THESE WATER PASSAGES TO THE 'rlORLO

l
by Doug Harris

AB STRACT

The history of the construction of the world's two grea t

canals, the Suez and Panama, is like a novel. Thousands of

people worked in adverse conditions, facing disease, starvation,,

dehydration, burning deserts and steamy jungles. Behind the

scenes, political intrigue and high finance often shaped the

fate and fortunes of those involved. The story of the canal ..

is also a story of dredging. The two canals presented an

early large � scale application of modern dredging techniques.

Dredging continues to play an important role in the mainten-

ance and expansion of both canals, and each has its own par-

ticular set of problems. The desert still tries to cover the

Suez. And in Panama, silting and slides keep dredge crews busy.

With the world 's economic and energy problems, it is

crucial that such shortcuts remain open. In this paper,

comparisons and analyses of geologic, technical, and financial

problems of the two canals are presented. Geologic factors

involve differences in terrain, soils, and general geograph.;=

difficulties in construction. Technical and financial topics

discussed include 1! particular applications of dredges used

in construction, 2! technical comparisons of the two canals

l
DredgeMasters International, Number One Dredge Park,
Hendersonvi1 le, Tennes see, 3707 5 .
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including cost comparisons, and 3! maintenance and capital

improvement problems facing the canals. In conclusion, the

paper discusses the role dredging wi11 play in the future

of the canals, and the role DredgeAasters International has

taken in the area of major development in the two canals.
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Introduction

The history of the construction of the world's two

great canals--the Suez and Panama--is like a novel. Thousands

of people worked in adverse conditions, facing disease,,-tar-

vation, dehydration, burning deserts, and steamy jungles,

Thousands died. Behind the scenes, political intrigue and

high finance often shaped the fate and fortunes of those

involved.

It is also the story of dredgirg, The two canals presented

an early large-scale application of modern dredging techniques.

In each project, the use of dredges differed. But with both

canals today, the use of dredging is still an important factor

in maintaining the two navigational shortcuts.

First, let's look at the geography and a little of the

history of the two regions.

The Suez Isthmus separates the !'lediterranean Sea on the

north side and the Red Sea and Suez C'ulf on the south. Before

the canal, it was 100 miles of blistering desert, marshes and

stagnant lakes. In prehistoric times, the land was part of

either or both bodies of water. Hide expanses of it are belcw

sea level, though in places plateaus 30 feet. high stretch across

10 mi les of desert.
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Senourset III, Pharaoh ot Egypt, built a canal through

the desert in about 2000 R.C., but the fine, shifting sands

kept clogging the channel. In the following centuries, a

succession of rulers tried to keep the canal open, but the

desert always reclaimed it.

The Panama Isthmus has different characteristics,

altogether. A spine of mountains runs down the Isthmus, and

along either side are disease-infested jungles, warn tropical

lakes and seemingly bottomless swamps. After Vasco de Balbo<.

discovered the Pacific Ocean by crossing over the mountains,

he recommended that a fortified trail be cut to facili~ «t~

trade from ocean to ocean. As an afterthought, he suggested

a search for a straight. If one could not be. found, he concl ~c.~. J,

"It might not be impossible to build one,"

Of the two canals, the Suez was by far the easiest to

construct. There were no mountains and. very little rock. ft

was a job made for dredging. The plan was simple: build

service canals in the deserts, lake and swamps; then, let

dredges go to work widening and deepening the channel. At

the peak of the service canal work, 25,000 conscripted Egypt an:-

labored in the deserts and swamps fox the Egypt,ian government

which owned part of the canal along with the private Suez

Canal Company.

Horse-drawn wagons riding on rails pulled out some of the

dirt. Camels also carried out a good portion. In one lake,
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men scooped up mud, pressed it against their bodies to squeeze

out the water, then deposited it in baskets,

But the lion's share of. sand, dirt and gravel moved

through French dredges. At one point, a dredge was actually

taken apart, carried overland and reassembled in a distant

service canal.

In ten years, the Suez Canal was completed. The man

who conceived the plan, raised the money and then oversaw

construction was Frederick de Lesseps, a diplomat, promoter

and lay engineer. He was hailed as a qenius, a man who coul '.

move mountains. People were eager 5ii .invest in his next

project, and he cockily predicted he would build the shorter

Panama Canal in eight years.

His company did put eight. years into the Panama project,

but it barely cleared 25 percent of the earth and rock standi.,-.:

between the two oceans. Bankruptcy followed, and the French

sold out to the United States. The French failed for several

reasons. The venture was rife with corruption. There was no

standardization of methods or equipment. For instance, five

years into the project the French were still experimenting with

several ways to move earth. In a given day, workmen used

bucket and suction dredges, elevators, cableways, steam shovels

and even hand labor. In addition, eleven different types of

flatcars carried dirt on six different gauges of track. They

were, in short, working against each other.
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Yellow fever and malaria kij led thousands and disabled

many more.

The French, though, never lacked for equipment. In

their first. 18 months in 1881 and 1882, they shipped ir a

staggering amount of gear, especially when compared to the

U S commitment. in hardware during its fir t year and a half

in 1904 and. 1905. The French brought four times as many steam

shovels, six times as many flatcars, half again as many loco-

motiveses, twice as many boats and barges . They laid 10 t imc.s

as much railroad track. And they doubled the number of d~ec'.c.-.:.,

putting 14 to work compared with seven ~o-. fhe a].;.-'.

By far, the French had superior dredging equipment.

They made most of their headway, in fact, by dredging. .',ey

removed 78 million yards during their f .ing in Central i>meric.� ;

In 1883, they brought in three of the largest, heaviest and

most complex dredges ever seen on the Isthmus. Among therr. was

the Compte de Lesseps, one of the first large hydraulic cutter

suction dredges. It was 120 feet long, 30 feet wide and drew

eight feet. One dredge authority commented that it was so

nearly automatic, "that it could be operated by only a dozen

men."

America paid de Lesseps' company $40 million in 1902

for all properties and concessions of the canal. Another

$10 million went to the newly formed »epublic of panama, plu,�

a guarantee of 8250,000 a year beginning in 1913,
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Private bids to construct the canal were unsatisfactory,

so the U.S. government, decided to do the work through the U.S.

Army Corps of Engineers. Planning and coordinating fell on

the shoulders of Col. George 'PJ. Goethals, a methodical engineer

who once remarked, "You don.'t have to be crazy to do a job like

this, but it, helps." l'm sure this famous statement has leer,

carried down through the years and probably even quoted at

one time or another by one of you here today. Goethals was

determined to make the most of what he could learn of the

FrenCh miStakeS.

Another Army colonel, Dr. William C, Gorgas, paved the

way for construction, so to speak, by identifying mosquitoes

as the carrier of yellow fever, as well as malaria, A compre-

hensive control program knocked out the debilitating disease.

For excavation, Goethals settled on one method: steam

shovels would scoop up dirt and place it in rail cars which

would haul it away, Simple and to the point. The French had

done most of the initial dredging work, leaving the Americans

with other challenges. They had to cut through the mountains

and also build three sets of locks to compensate for the

difference in height of the Atlantic and Pacific. The U.S.

still dredged, but it was primarily to keep open already

cut channels.

The U.S. moved 2l9 million yards of earth and rock,

blasting through the mountains. And the l,000-foot-long

locks are still considered an engineering ma. terpiece, 'the
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canal officially opened in 1920, and the final price came tc

$400 million.

In the long run, keeping a canal open can be as big as

job as building it in the first place. Dredging continues to

play an important role in the maintenance and expansion of

both canals, and each has its own particular set of problems

The desert still tries to cover the Suez. And in Panama,

silting and slides keep dredge crews busy. With the world'

economic and energy problems, it is crucial that such shortcuts

remain open.

We have seen what an extended canal closing can mean.

The 1967 Middle East War turned the Suez into a glorified +-nk

trap, halting commerce through it for a decade. The U.IJ,

estimates a $13 billion global loss in inflated shipping

costs and lost business, It is easy to understand the economics

of a canal closing. The Panama Canal cuts 10,000 miles off

an Atlantic-Pacific transit. The Suez cuts by half the dista,"..e

between the Arabian Gulf and South Furopean ports on the

Mediterranean. Even on a short-term basis, a canal closing

could be expensive. Operating costs for ocean-going ships

range from $1,000 to $10,000 a day. That makes dredging vital.

Our company has been fortunate enough to play a role in

this effort by supplying dredging equipment to both port

authorities.

In Panama, Dredge~iasters was awarded a contract to

renovate the 35-year-old U,S, MINDI. .".he "cINDI even b.,



today's standards, is quite a lady. Her specifications

include: a 32-inch suction and 28-inch discha.rge, with

power from a 5,000 horsepower steam turbine fired by four

boilers. She is 296 feet long from the cutter end to the

outside of the spud keeper, with a 52-foof beam and a 14-foot

molded depth. With full tanks and raised spuds and ladder,

she displaces 3,288 tons. The spud. gantry is 94 feet above

the main deck, and the ladder is l06 f:eet long, capable of

digging 72 feet down. She can. pump 5,000 yards in an eight-

hour shift--that is 625 yards an hour,

The MINDI handles 30 to 40 percent of the canal's

dredging, dividing her time between maintenance and capital

improvements. Three eight-hour shifts work round the clock,

Yes, the MINDI is quite impressive for what, he is,

But the craft is, nonetheless, antiquated. She is a marvelou=

platform, though, for improvements, and modernization is much

more practical in this case than buying a new dredge.

The Panama Canal Company, the quasi-government owner

of the canal, required three major improvements:

First, two main transport pumps in series, driven by

diesel engines to replace the single existing pump and steam

turbine.

Second, an electric-driven underwater ladder pump and

diesel generator for power. This ladder pump is connected

in series with the two main transport pumps.
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Third, new control panels for operating the system from

the pilot, house as well as from inside the hull.

With computer technology, we have designed what we

believe is a more efficient pump that will operate more

economically and smoothly than previous pumps, and it will do

so for longer periods of time.

For the two main pumps, all wear parts, except for the

cases, are interchangeable. The aft or high-pressure pump

has a heavy ribbed case to withstand greater pressure, and it

has been hydrostatically tested to 27!~ psi, The forward pump

has been tested to l50 psi. They are a single suction .olute--

type pump with four-vane impellers. The 80-inch diameter

impellers are statically balanced befoxe assembly. The impel.:;.i.'

are driven by 11 1/2-inch foxged steel shafts set in heavy

duty anti-friction xadial and thrust bearings. Single-piece

bearing housings enclose the mechanisms for maximum oil

circulation and cooling to increase service life. The impeller

is fully adjustable to compensate for wear on the suction side

liner, thus maintaining maximum efficiency throughout the life

of the pump.

The pumps have 32-inch suction and 28-inch discharge,

capable of providing 30,000 GPM  gallons per minute! . They

produce a total dynamic head of 370 feet when connected in

series and 185 feet in a single pump operation. Two  !eneral

Electric Electromotive diesels create a total of 7,200 BII'.
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The second phase, the underwater ladder pump, is also

a single suction, volute-type pump with a 32-inch suction

and a 32-inch discharge. It has a three-vane impeller, 60

inches in diameter. The ladder pump helps to overcome the

barometric head and removes a major work load from the main

pumps by boosting material to the surface. An induction

motor in an oil-filled. housing powers the pump. It is direc~l;

connected to the pump through a water-tight seal. The motor's

special windings are impervious to hot oil. The ladder pump i:

rated at 900 horsepower, and the direct connection of the motor

to the impeller eliminates the need for an expensive gearbox.

The total connected system--the two main pumps and the

ladder pump--is rated at 8, 100 horsepower and 455-foot of

total dynamic head.

The equipment. is undergoing further testing here in

New Orleans before shipment to the Canal ?one.

Xn Suez, Dredgej'lasters is supplying a new dredge, our

heavy duty model HPC-24DFVI DuraNaster. It will be the largest

cutter suction dredge in the Suez Canal Company's fleet. Its

cutter has 900 horsepower, with 4,405 horsepower for its

connected pumps. Suction is 28 inches and discharge 24. The

ladder length is 95 feet, with a downward. reach of 68 feet

8 45o angle. The dredge will be delivered in January and

will go to work immediately on port improvements.
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The Suez Canal Company has entered an exciting

expansion period after the decade the channel was closed.

The canal was infested with mines, other explosives and the

hulks of nine ships, including three dredges. Clearing thE

canal and raising the wrecks required experts from Amer>ca,

Ergland, France and Russia., as well as >.'.gypt. More than 1>">0

Egyptians lost their lives in the ciearj.ng operation, »,o-t

Now, with :hethem dying when recovered ordnance explodecl.

canal cleared, dredges are widening the canal and lncrea=!.n]

harbor space, with plans set to triple the tot 1 surfa..>

and deepen the channel. K»entual Ly, :h.- ~.i».aI w.il.!

two � way traffic, and all but the largest tankers will k>e

to pass through fully loaded.

French engineer reported to Napole~,>n in the 38'30'~.;,!.,

the possibility of building a . uez Canal, and he sa.id that

there might be enough current in a channel to flush away silt

so too will the amount of dredging to n'>aintain it,

And on the other side of the world, the Panama CanaL

continues to require dredging, both for maintenance and

capital improvements. The MINDI and other canal dredges, s«c»

as the veteran <',AscADAs, will be busy. since the cana' >>pe>ied

in fact, more material has been dredged from it than was

originally removed to construct it!

There will be no decrease in the need for dredging

equipment, technology and know-how."..! >e ! >~r>amanian go > = rn!...e.
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regardless of the form it takes, will keep the canal open

for the revenue it produces. And in Fgypt, the re � opening

of the canal--especially to Israeli cargo--was seen as an

olive branch long before Camp David L'gyptians also need

the canal revenue, along with the commerce, industry and

international prestige which go with it,

The oceans have been pulled together by the e two

great canals, thanks in large part to dredging technology.

And the international dredging industry will be doing its

part to keep them open,
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LUNCHEON ADDRESS

by

Colonel Thomas A. Sands
1

Good Afternoon:

It's a genuine pleasure to be with you today, ma~nly because I feel I

have some subjects to discuss that are of considerable concern to those of

you interested in the dredging industry and its activ~t~es.

Since much of what I have to say deals with federal laws and regulations,

I thought I'd begin by likening our situation to that of Moses when he was

attempting to lead his people out of slavery in Egypt. You' ll recall that

Noses and his people found themselves stranded precariously on the shores of

the Red Sea, with the Egyptian army in hot pursuit.

Moses implored the Lord to part the waters in order to allow his peop1e

to pass over the sea and avoid the impending massacre. The Lors is reported tc

have replied, "I think I can help you by parting the ~aters, Noses, but before

I can take that action you' ll have to file an environmental impact statement.'

I guess this story illustrates the sometimes helpless and frustrated

feeling all of us have had recently as we' ve been trying to carry on our normal

business while attempting to comply with the maze of federal regulations that

have come on the books over the past few years.

Like Noses and his people, you in the dredging industry as well as we in

the Corps are trying to accomplish vital tasks. And I mean no blasphemy by

this, but I'm likening the federal regulatory agencies' position to that of

the Lord in that we want to help you get your job done as efficiently and economi-

cally as possible; but it's also our responsibility to follow and implement

legislative guidelines aimed at protecting the nation 's environmental guali ty.

l. District Engineer, New Orleans District, U.S. Army Corps of Engineers.
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But, today, I'd like to put this problem in its proper perspective by givirg

you my perceptions of where we' ve been, where we are now, and where we' re going

in the f'oreseeable future, when it comes to dredging our waterways.

The passage of the National Environmental Policy Act of 1969 began a chain

of events that has intensified enormously over the 'last few years, seriously

altering the way we do our business, NEPA was aimed at redi recting the nation's

priorities to strike a balance between our traditional goal of economic develop-

ment and our newly perceived need to preserve our nation's environmental quality.

Of course after NEPA, we got The Federal Water Pollution Control Act; The

Marine Protection, Research and Sanctuaries Act; The Coastal Zone Management Act;

The Fish and Wildlife Coordination Act; The Endangered Species Act; The National

Historic Preservation Act; and others, not to mention the many subsequent

amendments to these acts.

Now I'm sure no one advocates polluting the air or water, kilting off >i ds

and furry animals, or destroying the nation's natura'l wilderness areas and its

historic and cultura'l treasures. In Louisiana, we have some of the nation's

most scenic wetland semi-wilderness areas, an abundance of fish and wildlife

resources, and a strong cultural heritage going back several hundred year s.

8ut we also make our living in ! ouisiana, which is one of the nation':

largest energy producers as well as the location of the nation's second and

fourth largest ports, The major commodities handled at these ports are crude

petroleum and grain products. Therefore, we in Louisiana realize the importance

of our waterways, not only for our own livelihood but for the nation's energy

and food needs.

So here in Louisiana, we, perhaps more than people anywhere else in the

nation, understand and appreciate the need to stri ke a balance between econom c

growth and environmental quality.

222



Mell, far the last five years or so, we in the New Orleans District have

been struggling to understand the new regulations and to apply them judiciously.

And I might add we' ve been doing that with very little increase in our manpower

or funding to help us conduct, the extremely time-consuming and expensive task;

necessary for compliance with the regulations. And no doubt about it, we are

up to our eyeballs in problems right now, which many times means frustrating

delays, while we attempt to comply with regulations. In some cases these

regulations seem difficult or even impossible to implement.

Let me talk to you about specifics. The main problems we are now having

in our maintenance dredging program concern the Environmental Protection Acencv"

ocean dumping criteria, which we have to satisfy before EPA gives us approval:o

dump dredged material into the Gulf.

For each of our maintenance dredging projects, we have to file a final

environmental impact statement wi th the President 's Council on Envi ronmenta I

equality. There are then about 14 steps to complete, including public notice,

possible public hearings, and preparation of a water quality assessment, be+or<

EPA's approval can be sought.

EPA has designated 11 ocean dumpi ng si tes for our district. EPA's original

ocean dumping criteria required only chemical analyses of the water co umr and

bottom sediments at these sites, and bioassay testing was optional. However,

since September l977, we' ve been required to do bioassay tests to determine th»

mortality of marine life before, during, and after ocean dumping at our Il si'.< s.

After bioassays became mandatory, we immediately had to take three dredq.ng

contracts off the market and cancel one that had already been awarded until w<.

could have the bioassays done and hopefully obtain EPA's approval of the !.'ron<i ed

dredging.
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Subsequently, we have had delays of six months or more while we negotiated

contracts to have the bioassays done. One of our worst problems was that

there were practically no commercial laboratories with the capability of

do~ng the chemical analyses and bioassays on the large scale we required,

Therefore, most of the sampIing for water quaiity has been done by contract

with the U.S. Geological Survey. The cost of collecting samples, water, and

sediments, and the analyses for the approximately 40 materials we need to sample

has been an averageof $1,000 per sample.

The New Orleans District spent over $800,000 in 1975 and nearly Sl million

in 1976 acquiring water quality data necessary to obtain EPA approval to perform

maintenance dredging. Resampling was required because EPA increased the level

of accuracy of the analyses, especially for pesticides and PCH.

The cost of bioassays has so far been $50,000 for each of our maintenan< .

dredging projects. Now EPA wants us to furnish them with additional bioassav

data obtained from simulating summer and winter conditions in the Gulf, so we' ll

have to spend another $850,000.

Along these lines, we are faced with some severe "state-of-the-art" iimiI:a-

tions in our bioassay procedures. What this means is that the methods required

for making the bioassays have not been perfected.

We are now faced with our first test case of this problem. Dredging cf the

Calcasieu Bar Channel is desperately needed at this time to allow ships carrying

petroleum products to get in and out of the Port of Lake Charles fully loaded.

However, bioassays made for ocean dumping at that si te failed to meet EPA

criteria. To put it bluntly, "too many of the little critters died" d~r~ ng the

bioassay tests.
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The regulations say that if the bioassays show that EPA's criteria carnot

be met, the regional EPA office in Dallas must deny our request to dredge, and

we must then ask the Chief of Engineers to certify to the Secretary of the Army

that to do no maintenance dredging would have a serious adverse economic impac'

on the region, and that no economical or suitable alternative to ocean dump-ng

exists. The regulations stipulate that the Secretary of the Army then seek" '.

waiver of the EPA criteria from the EPA administrator in Washington.

In the case of the Calcasieu Bar Channel, the regiona't EPA office has

refused our request for ocean dumping because of the results of the bioassay'

at the Calcasieu dumping site. We are now deveiooing detailed information

concerning the cost and environmental acceptability of a number of alternat- ve

methods of disposal. This, of course, means further costly delays before

dredginq of the Calcasieu Bar Channel can be accomplished, and the local sh;pp ng

people in Lake Charles are understandably quite upset.

Since this is the first time we have had this experience, we are unable o

estimate how long it will be before the problem is resolved. In the meantime,

we are working as part of a group to revise and refine the ocean dumping criteria.

and are reevaluating our bioassay procedures.

Another enormous burden i mposed on us by EPA's "ocean dumping" cri teria i

the reauirement that we prepare ocean disposal site basei inc or trend assessment

surveys for continued use of our 11 sites. EPA's original site designatiors 'or

ocean dump-.'ng were for a 3-year interim period ending in January 1980. I: wiI

be impossible for us to complete our surveys and reports by that time unless w»

can fi nd contractors who can perform in the required time.

We are facinq an even more ser~ous problem next year. It looks like we

may he required to do bioassays to test the impact of dredginq on marine life
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in our inland waterways as we'	 as our ocean dumping sites. This cou1d come

about as early as next spring. If this does happen, we will have to make the

expensive and time-consuming bioassay tests for the I'mississippi River, the Gul f

Intracoastal waterway, and our many other inland waterways where maintenance

dredging is a vital fact of life.

In addition to our problems with ocean and inland material disposal, we

are facing further complications because of provisions in the 1977 amendments

to the Federal Plater Pol]ution Control Act. These amendments requi re that

states, including local assuring agencies and the public, share an increased

percentage of the cost of dredge and fill projects. Our Corps regulations have

implemented this law by requiring local interests to pay for the cost of

constructing and maintaining di kes to contain dredged material.

Me have some doubts about whether or not local people would agree and in

some cases be able to afford to pay an increased share of the costs of our

projects. Also, in some instances, the local people may feel they receive no

direct benefits from the project, and, of course, in the case of maintenance

dredging of the Girlf Intracoastal 4 aterway, this is certainly true,

Let me say further that maintenance dredging is not our only problem: new

construction is also affected. After Pres~dent Carter announced his hit list

in 1977, and after his veto of the appropriations bill last month, I guess we

all realize that new construction is goinq to be a lot harder to come by than

in the past. All rew projects, as you probably know, will now requir both a

more stringent economic justification and a more thorough environmental assess-

ment than ever before to receive authorization.

After listening to all of this, I hope you aren't taking me for a prophet

of doom. I' m certainly not predicti ng +he "dark ages of dredging," a "rei gn
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of regulational terror," a "great dredging depression,"or any other catastrophe.

Let me summarize my feelings about where we are now.

I believe that we are now in a transitional period in our nation's h', tory,

as well as in the Corps, as we attempt to strike a balance between our country' s

original need f' or rapid expansion and development and our newly perceived riee4

for controlled, planned development that takes into consideration the need to

preserve environmental quality.

Right now we are admittedly in a state of flux, frustration, and sometimes

seeming confusion as we try to fir.d ways to process and implement the regulat;ions

as fast as they are being wri tten, revised, and refined.

And I'1'l lay it on the 1 ne to you when I say that I believe that the

trend right now is to strengthen the regulations and to restrict dredging aad
filling activities while the guidelines are being modified. In the short run,

this means we may be doing less work than in previous years while we refine the

regulations and develop better scientific techniques for assessing environmental
impacts. It's possible that we' ll have a few temporary work stoppages, and you
can be fairly certain we' ll have fewer new construction starts.

But as I said, I'm not a prophet of doom. oui te the contrary. Althouqh for

the foreseeable future we' ll undoubtedly be preoccupied with learning to live

with the ex~sting laws and regulations and adjusting to new or revised ones as

they come along, the outlook for you in the dredging industry is very bright.
I am confident that we in the New Orleans District will be allowed to

continue to provide the services to the public necessary to keep our vital

waterway system functioning. And that of course means regular maintenance
dredging of the 00-foot Mississippi River channel, the 36-foot Mississippi River
Gulf outlet, the 40-foot Calcasieu Channel, and the Gulf Intracoastal Waterway

and its feeder channels.
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Let me remind you that the New Orleans Oistrict does more maintenance

dredginq annually than any other district in the Corps or almost 30 percent of

the total Corps dredging nationwide. Durinq a norma1 dredging year, we remove

a total of about 70 million cubic yards of materia'I from our waterwavs, 55

million cubic yards from our three deep-draft channels, and 15 million cuoic

yards from our shallow-draft waterways.

About 60 percent of this is done by contract. In fiscal year 1978, you

people in the dredging industry performed $12 million of our new work and $2I

million worth of our maintenance dredging, while our government dredges per-

formed only $9.4 million of the work, all of it maintenance dredging.

The percentage of our dredging done by contract is bound to increase as

we further develop our industry capability program, which, as you well know, is

designed to determine the dredging industry's capability to perform in a t.meIy

manner and at a reasonable cost of the work traditionally performed by

government dredges.

In the New Orleans District, the industry capability program is concerns<'

only with hopper and dustpan dredging, since all other dredging has beer

handled by our contractors for years. In FY 79, our district wi 11 advertise twc

jobs under the industry capability proaram that have traditionally been done by

government dredges. One is for removal of 12 million cubic yards of shoal

material from the Calcasieu River Bar Channel. This is ordinarily done by

qovernment hopper dredge. The other job is for dredging 7 million cubic yards

from the Mississippi River crossings. This work is normally done by a governmer t

dustpan dredge.
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And as you people build hopper and dustpan dredges and you perfect: operation

of this equipment, you' ll be doing more and more of our dredging, as we wind

down the government fleet to the point where we' re handlinq mostly emergencies

and national defense work.

Incidentally, along those lines, you might be wondering why we ' re building

a $67.5 million hopper dredge if we re planning to turn more of our work over to

you. Well, although we will be reducing the government fleet in the future, we

intend to maintain our emergency capability with the most modern, up-to-date

vessels, and the dredge Avondale Shipyards will bui ld for the New Orleans

District wi 11 be of this vintage.

Now . . . More good news. Looking to the future, as you know, we have a

study in progress to assess improving deep-draft, access to the ports of New

Orleans and Baton Rouge. The present 40-foot depth will become increasingly

restrictive as commerce grows and because of the well-established trend toward

larger ships. An increasing number of ships in the world fleet cannot now

navigate the present deep-draft approaches to the ports fully loaded, and  hi.

situation will undoubtedly get worse without the deepened channel.

Although our study is not yet complete, we' ll probably recommend enlarcIemen'

of the Mississippi River from Baton Rouge to the Gulf by way of Southwest ;as'

to a depth of between 50 to 55 feet.

If and when the Mississippi River channel is deepened, our dredging veau ii e-

ments would be more than double what they are now in the enti re district. Ri<,lit

now, as I said before, we remove about 70 million cubic yards of material fror

our waterways each year. We estimate that a 55-foot channel from Baton Rouge

to the Gulf would require removal of an additional 75 million cubic yards of

material each year which, as I said, is double what we are now doing,
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More good news! In the immediate future, we' ll be keeping you people busy

with our ongoing Red River Waterway Project with iCs 53 channel realinements

and fi ve lock and dam complexes. These will requi re considerable dredging work

over the next few years, so there will be no shortage of work in the New Orlean:

District.

By the way, in explaining delays Co you, I think it only fair to tell you

that not all of our delays are caused by new regulations or in-house problems

such as manpower shortages.

Durinq the past, year, we did not even spend our total maintenance dredging

budget because some of our contractors were not able to get their dredges o

the job on time, As a result, in some cases, our channels were not maintained

to authorized dimensions, and funds not earned by the contractors were revoked.

So a!though work slippages are frequently due to cumbersome regulation; and

in-house problems they have also been caused by the contractors themselves.

Let me close by making a prediction, and I Chink I'm on very firm ground

when I make this one, We in the New Orleans District will always have plenty >f

work for you in the dredging industry Co do as we continue Co provide the public

with the vital services necessary to keep our waterways open. I predict that in

the future, industry will participate in our maintenance dredging program to

an even greater degree than now.

We' ll learn to live with the new regulations just as we have learned to

live with other cumbersome governmental processes such as project authorizat« n

and design, and the advertisement, bidding, and awarding of contracts. I bel «.v»

Chat in the not too distant future, we' ll be going about our business as usua',,

according to an orderly and predictable process that provides for efficient,

economical construction, and maintenance of our waterways in an environmentally

sound manner,

Thank you.
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CONSOLIDATION OF CONFINED DREDGED MATERIAL

1
Marian E. Poindexter

Abstract

Dredged material containment areas must be designed to provide adequate

storage capacity to meet dredging requirements for the service life of the

facility.

Following a given disposal operation, the dredged material undergoes

sedimentation and self-weight consolidation, resulting in gains in storage

capacity. The placement of dredged material imposes a loading on the contain-

ment area foundation; therefore, additional settlements may result from con-

solidation of compressible foundation soils. Hence, settlements resulting

from consolidation are a major factor in the estimation of long-term storage

capacity.

This paper presents guidelines for estimation of gains in long-term

storage capacity resulting from settlements within the containment area. The

guidelines are based on conventional consolidation theory modi.fied to consider

self � weight. consolidation behavior of newly-placed dredged material. The

effects of foundation consolidation, time-rate of consolidation, and place-

ment of sequential lifts of dredged material are also described.

Civil Engineer
U. S. Army Engineer
Waterways Experiment Station
Vicksburg, MS 39l80
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Introduction

Dredged material containment areas must be designed to provide adequate

storage capacity to meet anticipated maintenance dredging requirements. If

the containment area is intended for one-time use, as in the case of some

new work proj ects, estimates of long-term storage capacity are not required.

However, containment areas intended for use in conjunction with recurring

maintenance work must be sized for Long-term storage capacity over the service

life of the facility.

A methodology has been developed for estimating the long � term storage

6
capacity of dredged material containment areas. This methodology is based

on an initial correlation of the in situ sediment void ratios and the void

ratios of material in the containment area at the completion of dredging.

Gains in long-term storage capacity resulting from settlement of the dredged

material and foundation soils can then be estimated by using the fundamental

principles of consolidation theory modified to consider the self-weight con-

solidation behavior of newly placed dredged material, Use of available com-

puter models is recommended for cases involving repetitive disposal operations

and/or intermittent dewatering or removal of material. This method is equally

applicable to the design of new containment areas or evaluation of existing

sites.

Conce ts of Containment Area Desi n

The design/analysis method presented herein was developed for and is

applicable to confined areas used for containment of maintenance-dredged

material. Such areas consist of a tract of land enclosed by dikes to form a

total confined surface area and volume into which dredged channel sediments

are pumped hydraulically. The major components of a dredged material
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containment area are shown schematically in Figure I.

I<FLoeNT RC

IR

CQ
DR FFLLlENT

Figure l. Conceptual diagram of a dredged material containment area

The storage capacity of a containment area is defined as the total

volume available to hold additional dredged material. It is equal to the

total unoccupied volume minus the volume associated with ponding and free-

board requirements.

Settlement resulting from consolidation of both the dredged material

and the foundation soils is the major consideration in estimation of Long-

term storage capacity. After dredged material is placed in the containment

area, it undergoes sedimentation and self-weight consolidation. Placement

of the dredged material imposes a loading on the containment area foundation

soils which may then undergo settlement as a result of consolidation of the

compressible foundation soils, Since the consolidation process is slow,

especially in the case of fine � grained materials, it is likely that total

settlement will not have occurred before the containment area is required

for additional dredged material placement. For this reason, the time�

consolidation relationship must be considered in estimating long-term con-

tainment area storage capacity. Settlement of the containing dikes may also

significantly affect the available storage capacity and should be considered.
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Consolidation Testin

Determination of containment area long-term storage capacity requires

estimation of set tlements resulting from self-weight consolidation of newly

placed dredged material and consolidation of compressible foundation soils.

Consolidation test results, including time-consolidation data, must be ob-

tained in order to estimate the average void ratios at completion of 100

percent primary consolidation.

Dred ed material

The consolidation testing procedure for dredged material samples

generally follows that for the fixed-ring test for conventional soils but

some modifications are required concerning sample preparation and method of

loading. A fixed-ring consolidometer should be used because of the fluid-

like consistency of these samples.

Samples to be used for the consolidation test may be taken from the

in situ channel sediments since this material has the same engineering

properties in the channel as it will have when deposited in the containment

area. These consolidation samples must be representative of the fine-grained

portion of the material to be dredged. In the case of a relatively homo-

geneous fine-grained sediment, consolidation samples can be taken directly

from the sediment grab � samples obtained during the field investigation phase.

For sediments that contain mixtures of sand  >10 percent dry weight!, a more

representative consolidation sample can be obtained if the sand fraction

has previously been separated. For this case the consolidation test should

be performed on a sample with initial water content/void ratio approximately

equal to that at the end of the dredging operation as determined by the

procedures given in Reference 6.

Since sediment samples are essentially without structure, consolidation
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samples can be placed in the consolidation ring in a remolded condition.

The ring should be placed on a flat plate prior to filling. The remolded

sample should not be allowed to drain nor should air pockets be allowed to

form within the sample while the material is being placed in the ring.

For the dredged material consolidation test, the initial load placed

on the consolidation sample should not exceed 0,005 tsf. The relatively

low initial load is necessary to adequately define behavior at low effective

stresses. The seating load plus the compression load caused by the dia'

indicator should be considered as the initial loading increment for the.

test. The dial indicator force can be estimated using a balance reading,

in grams, obtained with the indicator compressed to approximately that

setting to be used when the test is initiated.

Succeeding load increments may be placed using the normal beam and

weight or pneumatic loading devices. The following loading schedule is

recommended: 0.005, 0.01, 0.02, 0.05, 0.10, 0.25, 0.50, and 1.0 tsf. A

maximum loading of 1.0 tsf should be adequate for most applications. How-

ever, the effective stress acting at the bottom of the dredged material

layer at the end of the containment area service life should be estimated to

determine if a higher maximum load increment is necessary.

Time-consolidation data should be examined while the test is in progress

ta ensure that 100 percent primary consolidation is reached for each load

increment. In some cases, it may be necessary to allow 48 hours for each

increment. Rebound loadings are not required.

Foundation soils

Consolidation testing of foundation soils should be performed according

to standard soil mechanics procedures. Guidance for performing this test

may be obtained from References 4 and 5.



Settlement Due to Consolidation

Settlement resulting from self-weight consolidation of dredged material

is estimated by considering the change in void ratio due to the self-weight

loading. The average load is assumed to act at midheight of the dredged

material layer and is equal to the effective stress due to the buoyant

weight of the overlying material.

The following expression is used to compute the average effective

stress acting at midheight of the dredged material layer:

G � l

p = 1/2 H y
0

where

p = average effective stress acting at midheight of the layer
f

of dredged material solids, psf

H = thickness of the dredged material layer at completion of
dm the dredging operation, ft

density of water = 62.4 pcf
w

G = specific gravity of solids
s

e = average void ratio of dredged material at completion of0
dredging

The initial thickness of the dredged material layer H is a function
dm

of the surface area in use and the volume occupied by the dredged material

at the completion of the dredging operation; this value must be determined

6from sedimentation analyses, When evaluating the remaining long-term

storage capacity of existing sites, the surface area will be known and the

initial lift thickness for a given disposal operation may be determined

directly. However, design of new containment areas to accommodate a given

long-term dredging requirement necessitates that the surface area be deter-

mined by trial as discussed later in this paper.
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The change in thickness of the dredged material layer due to primary

consolidation is estimated using the following expression:

e � e
o f

dH H

0
�!

where

AH = change in thickness of the layer at completion of primary
consolidation, ft

e average void ratio at completion of primary consolidation
f

The void ratio e corresponding to the effective stress p is
f

determined using an e-log p relationship  Figure 2! which is obtained

O I-

CL

O

log P

Figure 2, Illustrative plot of void ratio versus log of pressure
for newly placed dredged material

from the dredged material consolidation test performed as discussed in

Reference 6. This void ratio is representative of' the average void ratio

of the dredged material layer at the completion of primary consolidation.

Since the time required to reach ultimate consolidation may take years, the

dredged material layer will probably not reach its final thickness before

the containment area is again required for dredged material placement.
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Therefore, a relationship for the time-rate of consolidation must be developed

before the available storage capacity can be estimated, This will be discussed

later.

Foundation soils

Settlement of the foundation soils can be estimated by using conven-

tional soil mechanics principles. Specific considerations related to =on-

tainment areas are discussed below. Additional guidance for the determina-

tion of foundation consolidation and computation of settlement is described

in EM 1110-2-1904.
5

Settlement of the containment area foundation soils is caused by the

increased load imposed on these compressible soils by placement of dredged

material. The magnitude of this load is dependent upon the volume of

dredged material deposited and the water table conditions existing during

and following the disposal operation.

The total load on the foundation soils caused by placement of dredged

material is initially dependent upon the weight of the layers of solids and

the ponded water maintained in the containment area during the disposal

operation. Following disposal, the ponded water should be decanted, thus

reducing the total load. However, the groundwater table conditions  i.e.,

perched or continuous! existing during and after disposal will dictate the

effective loading placed upon foundation soils. An evaluation of the

groundwater conditions must be made based on the foundation stratification

and initial water table conditions as revealed by the preliminary field

exploration program. Since the imposed loads are uniformly distributed

over an area which is usually large compared to the depth of the compressible

layers, the increase in loading Ap on the foundation may be considered

as constant for full depth.

The ultimate settlement af each foundation soil stratum for a given
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load hp can be estimated by the expression:

'l '2
5H=H

1+ el
�!

where

AH = change in thickness of layer at completion of primary
consolidation, ft

e = initial void ratio of soil layer at pressure p
1

e final void ratio of soil layer at pressure p = p + hp
2

H = initial thickness of layer, ft

Prom the pressure-void ratio relationship developed from consolidation tests

performed on the foundation soils, the values of el and e2 are obtained

and p2 existing beforeas shown in Figure 3 using the average loads p

and after the disposal operation, respectively.

O

Ct

a O

tog p

Figure 3. Illustrative plot of void ratio versus log of pressure for
foundation soils
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After the ultimate settlement has been determined for each foundation sail

stratum under a particular load hp, the total settlement of the foundation

may be determined by summing the settlements of the individual soil strata.

Time � Rate o f Consolidat ion

Since the consolidation of dredged material and compressible foundation

soils may require significant periods to reach completion, the time-rate of

consolidation must be considered in order for the storage capacity available

at any time to be determined. The procedure for estimating the time � rate of

consolidation described in this section generally follows those methods

found in EM 1110-2-1904 and is applicable to both self-weight consolidation

of dredged material and consolidation of foundation soils. Values for the

coefficient of consolidation c may be determined from the consolidation-
v

5
time data using the Log � Time Method. The values for c should be deter-

v

mined for each consolidation pressure used in the consolidation tests and a

graph of c versus consolidation pressure should be constructed as shown
v

in Figure 4. The coefficient of consolidation c f corresponding to the
vf

Z

O I-

0 O X
O

X
UJ

4J
0

PRESSURE, p

Figure 4. Illustrative relationship of the coefficient of consolidation versus
consolidation pressure



average effective stress at midheight of the layer under consideration can

then be determined using the graph.

Times required for an individual layer to reach various percentages cf

ultimate consolidation U can be estimated using the following expression;

T H

t =  l44!
u c

�!

where

t = time to reach degree of consolidation U , min

T = time factor for degree of ultimate consolidation, U  see
Figure 4!

Hd = effective drainage height, ft

c = coefficient of consolidation corresponding to the average
vf effective stress at midheight of the layer, in /min

Time factors for various percentages of total consolidation are shown

in Figure 5; the two curves are required since the distribution of pore

Z 0

D
20

0

Z
O
" ao

O

4J
~ 60

Cl

~ eo

~+ IOO
0 00l IaI.O030

T I ME FACTOR
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Figure 5. Time factors for consolidation analysis  adapted from
NAVFAC DM-7 !

pressures, and thus the rate of consolidation, are significantly different

for dredged material and foundation soils. Values for H will be equal to
d



the total layer thickness if single drainage occurs or one-half the layer

thickness of double drainage prevails.

The settlement of the layer at time t may be estimated by the ex-
u

pression '-

AH l Oo �H!
U

t
u

�!

where

bH = settlement of the layer at time
t u

Using the settlement values AH calculated, a curve represent ing the
t

u

time � settlement: relationship carl be constructed for each layer as show. iz

Figure 6. Hy combining the time-settlement curves for the dredged material

I-

Z 4J
X Ld

I-
4J
 A

4J

I-

-J

CJ

T i h8 E

Figure 6. Illustrative time-settlement relationships
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and foundation soil s!, the time-total settlement relationship resulting from

placement of a single lift of dredged material can be obtained' Using

this curve, the long-term storage capacity versus time relationship for a



single lift or the shore-term storage capacity versus time relationship for

sequential lifts can be estimated. The effects of surface drying on storage

capacity must be separately determined as described in Reference l.

Placement of Se uential Lifts

Estimates of settlement caused by placement of subsequent lifts of

dredged material should consider the continued consolidation of previously

placed lifts and additional foundation consolidation as well as consolidation

of the newly placed dredged material. This is most effectively done by con-

sidering the previously placed dredged material layer as an additional founda-

tion soil layer.

Stora e Ca acit � Time Relationshi

If the containment area is to be used for long � term placement of subse-

quent lifts, a graph of' projected dredged material surface height versus time

should be developed. This graph can be developed using the time-settlement

relationships for sequential lifts combined as shown in Figure 7. Such data

FDGFD IMMATERIAL
RI ACF HEIGHT

DREOOIMS PHASE
SETTI EhCENT PHASE----

Figure 7.
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may be used for preliminary estimates of the long-term service life af the

containment area.

The maximum allowable height of dredged material at a particular site

is dependent upon the allowable dike height and the ponding and freeboard re-

6
quirements. The maximum dike height as determined by foundation conditions

or other constraints and the containment surface area will dictate the maximum

available storage volume. The increases in dredged material surface height

during the dredging phases and the decreases during settlement phases corres-

pond to respective decreases and increases in remaining containment storage

capacity, shown in Figure 8, Projecting the relationships for surface height

MAX!MUM AVAILABLE
MAX/MUhl' A LLOYD ABL E
HEIGHT ---- -.

MATED
V/CE

RAGE

AUSTE

TIME

Figure 8, Projected storage capacity for determination of
containment service life

 or remaining capacity! to the point of maximum allowable height  or exhaustion

of storage capacity! will yield an estimate of the containment area service

life. Gains in capacity due to anticipated dewatering or material removal

should also be considered in making the projections.
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The complex nature of the consolidation-time relationships for multiple

lifts of compressible dredged material and the changing nature of the re-

sulting loads imposed on compressible foundation soils will not allow accurate

projections of remaining storage capacity over long time periods. For this

reason such long-range projections should be used strictly for planning pur-

poses. Accuracy can be greatly improved by periodically updating the esti-

mates using data from newly collected samples and more recent laboratory

tests. Observed field behavior should also be routinely recorded and used

to refine the projections.

Mathematical Model

A computer model has been developed to assist in the design/analysis nf
2dredged material containment areas. The use of this computer model can

greatly facilitate the estimation of storage capacity for containment areas.

Although the computations for a simple case can be done relatively easily and

quickly by hand, a typical analysis may require computations for a multi-year

service Life with variable disposal operations, and possibly material removal

or dewatering operations, occurring intermittently throughout the service ]if».

These complex computations can be done more efficiently using the computer

model.

Model ca abilities

This model is applicable to flooded containment areas for determinatior,

of the settlement resulting from primary consolidation of dredged material

and foundation soils. This settlement is calculated by the model on the basis

of the dissipation of excess pore water pressure according to the standard

theory of one-dimensional �-D! primary consolidation. A special explicit

finite difference numerical technique was applied to solve the 1-D differen-

tial equation for primary consolidation. The numerical technique permits
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versatile boundary conditions which may be reasonably representative of actual

field conditions for confinement of dredged material. The model is capable of

computing the excess pore pressure distribution, average degree of consolida-

tion, and settlement of dredged material and layered foundation soil strata of

flooded containment areas. Time intervals for placement of dredged material

during a single disposal operation and between various disposal operations may

be varied. The consolidation parameters of the dredged material may be input

as a function of the effective stress to permit improved simulation of actual

field conditions; the consolidation parameters of the foundation soils are

assumed constant.

A variety of dredging operations spaced at various time intervals may

be handled by the code in a single computer run provided that the dredged

material being placed is homogeneous with identical consolidation parameters.

The consolidation behavior of dredged material and foundation soils may be

calculated for a number of dredging operations involving different dredged

material if  a! a single computer run of the code is used to solve for the

consolidation behavior of the soil system for each disposal operation, and

2 b! the initial excess pore pressures are input from a data file.

dredged material deposited during the previous disposal operation should be

treated as the surface layer of the foundation soils  with constant con-

solidation parameters! for the current disposal operation.

The model can facilitate evaluation of existing containment areas or

design of new sites by rapid determination of the settlement which will re-

sult from a specific loading condition. The method of application of the

model to the design/analysis problem is dependent upon whether or not the

surface area of the site under study is knowm. If the surface area is known,
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then the initial dredged material lift thickness and the resultant settlement

for a given disposal operation can be determined directly. Otherwise, the

optimum surface area must be determined by trial before these parameters can

be determined.

Zn the evaluation of either an existing disposal site or a new contain-

ment area of predetermined volume and surface area, the model can be used to

determine directly the settlement of the dredged material layer and :ounda-

tion soils; analysis of these results will then yield the design service life

of the containment area. The soil system analyzed for this application may

be a simple one including placement of only one dredged material layer or it

may involve placement of sequential lifts of dredged material ln which th»

time required for the disposal operations and/or the time between operations

may vary significantly.

The design of a new containment area for which the surface area of the

site is not a fixed parameter requires a procedure of trials for which the

computer ~odel is invaluable. In this design situation, the known parameter'

such as required containment area service life, allowable dike height, fre-

quency of dredging, and/or anticipated volume of dredged material should be

held constant at the appropriate values for each computer run whiI.e the surface

area is allowed to vary over the entire range of potential values. As the

surface area is varied, the thickness of the dredged material layer wilI

change as will the anticipated settlement resulting from the loading caused

by the dredged material. This in turn will cause variation in the secvice

life of the area for a given set of containment area parameters. By evalua-

ting the results of several computer runs in which various surface areas are

used, the optimum surface area for a given situation can be determined.
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Conclusion

A methodology has been developed to estimate the long-term storage

capacity of dredged material containment areas. This procedure for contain-

ment area design/analysis is based on evaluation of the engineeri~g properties

of dredged material and foundation soils. Conventional consolidation theory

modified for dredged material behavior is used and permits consideration of

the time-rate of consolidation. A computer model has been developed and its

use is recommended to facilitate the design/analysis process. This method-

ology should allow design of containment areas for improved performance and

utilization in an efficient and cost-effective manner.
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Notation

2
coefficient of consolidation, in /minc

V

coefficient of consolidation corresponding to average effective
2stress, in-/min

c
vf

average void ratio at completion of primary consolidation

average void ratio of dredged material at completion of dredging

void ratio of soil layer at pressure p

void ratio of soil 1ayer at pressure p = p + Zp
2 I

specific gravity of solids

initial thickness of layer, +t

ef f ective drainage height, f t

0

G
s

thickness of dredged material layer at comp1etion of the dredging
operation, ft

2
consolidation pressure or overburden pressure, Ib/ft

Pf

time required to reach degree of consolidation U , min

time factor for degree of ultimate consolidation U

degree of ultimate consoIidation, percent

3
unit weight of water, 1b/ft

u

settlement  change in thickness! of the I.ayer at completion of
primary consolidation, ft

settlement of the laver at time t, f t
u

increase in loading  change in consolidation pressure!, lb/f t

~H
t

hp

average effective stress acting at midheight of the dredged rraterial
layer, lb/ft2



STABILITY OF RETAINING DIKES FOR CONTAINMENT

OF DREDGED HATERIAL

1
By D. P. Hammer

ABSTRACT

Past experience with retaining dikes has indicated many problems

exist in connection with the stability of such dikes. Foremost in the

cause of these problems has been inadequate design with respect to dike

stability. In 1973-1977, a study was made of past dike failures in the

Corps of Engineers and guidelines were developed for future design which,

if followed, will help minimize the chances of failure. This paper

presents the results of that study, including recommendations for design

to prevent dike failures from �! inadequate shear resistance of em-

bankment and/or foundation, �! excessive uniform settlement, �! dif-

ferential settlement, �! seepage, and �! surface erosion  s1ope protec-

tion!. Recommended minimum factors of safety for slope stability

analysis are presented.

1Research Civil Engineer, Geotechnical Laboratory, U. S. Army Engineer
Waterways Experiment Station, Vicksburg, MS 39180
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INTRODUCTION

Retaining dikes used to form confined disposal facilities consist

primarily of earth embankments constructed on lowland areas or near-

shore islands with the principal objective of retaining solid particles

within the disposal area while at the same time allowing the release of

clean effluent back to natural waters. Retaining dikes are similar to

flood protection levees in size and shape but differ in the following

important respects:  a! a retaining dike will retain an essential ly

permanent pool, whereas most Levees have water against them only for

relatively short periods of time, and  b! the location of a retain.ing

dike will usually be established by factors other than foundation con-

ditions and available borrow material  i.e., proximity to dredge, only

land avai.lable, etc.! from which there will be little deviation.

In their review of Corps of Engineers  CE! design and construction

procedures for retaining dikes, Murphy and Zeigler �! concluded that

there is normally little effort expended in the design of most retainin ~

dikes. It was found that, in most cases, no special effort was made to

improve foundation conditions and that construction materials were

normally borrowed from within the containment area, even though such
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materials often possessed very poor engineering properties. The method

of construction generally was established through past practice and w-as

not likely to be altered due to any particular foundation and/or dike

material properties. Consequently, the selection of dike dimensions ~nd

construction methods was based largely on a review of previous dike

construction experience. Dike heights, side slopes, and crown widths

were chosen. to match those of similarly constructed dikes that performed

satisfactorily. In many cases a successful and stable dike was obtained;

however, where foundation and/or dike materials were poor or dikes were

constructed to appreciable heights, f requcnt f ailures occurred and

continual maintenance was required.

For many containment facilities at unpopulated locations, there has

been a tendency for less effort and expense to be applied to dike design

and construction. Consequently, dike failures have been more frequent

at these locations and resulted in the flow of dredged material. onto

tidal flats or marshes or into nearby rivers and streams. Not all

failures have been confined to unpopulated or otherwise open areas,

however. Damage to warehouses, a railroad embankment., a sewage treat-

ment plant, and pastureland, and even flooding of a subdivision have bee i

reported �!. In addition to property damage, there is usually the

expense of redredging and repair of the dike,

Past experience indicates that the occurrence of dike instability

can be related to the amount of design effort expended on the dike;

i.e., as the dike design effort increased, the occurrence of dike fai1ure

decreased. Small dikes constructed in areas where design experience ias

been gained through actual dike construction will obviously require less

design consideration than. Large dikes to be constructed in unfamiiiar

253



areas. Factors which will affect dike height and geometric conf igura-

tion that should be considered during design are:  a! containment area

capacity and operational requirements;  b! foundation conditions;

 c! available construction materiaIs;  d! construction methods; anc

 e! dike stability with respect to shear strength, seepage, settlement,

and erosion. This paper is primarily concerned «ith the last item.

complete treatment of the design and construction of retaining dikes is

given by Hammer and Blackburn �!.

PI.ELD AND I VHORATORY INVESTZUATIONS

The importance of an adequate field and laboratory investigation to

determine what types of materials exist and what their engineerinc; prop»r-

ties are cannot be overemphasized. In fact, available material at a

site to serve as a foundation and/or of which the »mbankment will b»

composed is probably the single most important factor that affects dike

stability. This is because dike design must generally be adapted to the

most economically available materials  ompatibie with prevailing founda-

tion conditions. Available disposal sites are normally lands not econom-

ically suited for private development, often being composed of soft

clays and silts of varying organic content. In fact, many future con-

fined disposal sites will undoubtedly have been used in the past for

unconfined disposal, thereby forcing dikes to be constructed on pr»vious-

ly deposited dredged material often consisting of soils having verv poor

engineering qualities.

Since dike construction requiring tne use of material tram inside

the disposal area and/or immediately adjacent borrow areas is often, in

economic necessity, initial dike h»ights may be limited or the use of
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rather large embankment sections may result, expensive foundation treat-

ment may be required, or expensive construction methods may be dictatec..

In some cases where more desirable borrow is available, its use can

result in a lower construction cost if one or more of the above items

can be eliminated  i.e., a smaller section, less expensive required

foundation treatment, etc.!. However, the use of select borrow does not

alleviate instability problems to any great degree if the foundation i»

of poor quality and extends to depths that make simple foundat ion treat-

ment such as excavation and replacement impracticable. In fact, poor

foundation conditions are much more difficult to deal with than poor

embankment materials.

In the past, many dike failures have been the direct result of

subsurface conditions that were not discovered during design because o.=

inadequate soils investigations. These failures were commonly charac-

terized by embankment slides, excessive settlement, detrimental seepage,

and other phenomena. Even though it .is recognized that no matter how

complete an exploration program may bc, there is always a certain degree

of uncertainty concerning the exact nature of. subsurface conditions at a

given site. An adequately designed exploration program can reduce this

uncertainty significantly and place it within limits commensurate with

sound engineering practices. It is, therefore, imperative that in order

to attain an adequate dike design, a reasonably representative concept

of the arrangement and physical properties of the foundation and embank-

ment materials must. be established. Detailed guidance on the conduct of

field and laboratory investigation for retaining dike projects is contained

in Reference 2.
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ZM3~NT AND FOUNDATION SHEARING RESISTANCE

Shear failures in retaining dikes are the result of overstressing

the embankment and/or foundation materials. I.ow shear strengths in the

dike and/or foundation  often coupled with seepage effects! are the

cause of most dike failures. Failures from this cause are often the

most catastrophic and damaging of all since they usually occur quickly

and can result in the loss of an entire section of dike along with the

contained dredged material. The photographs in Figure 1 show a dike

failure initiated by inadequate shear strength and the resulting damage

to a sewage treatment plant caused by escape of the previously confined

dredged material.

Dike failures from inadequate shear strength have occurred that

involve the dike alone and that involve both the dike and the foundation,

Failures within a dike alone result when the dike material possesses

insufficient shear strength. Failures of this type generally take the

form of rotational slides involving the dike slope as shown in Figur» 2.

However, if a weak plane or layer should exist at the contact between

the dike fill and. the foundation due to naturally existing weak surface

material, inadequate foundation preparation, under-seepage effects, or

construction techniques that allow soft material to be placed or trapped

in the lower part of the fill, the failure could take the form of a

wedge-type configuration characterized by horizontal sliding or trans-

lation. near the base of the fill  see Figure 3l. Rotational type slides

as shown in Figure 4 also occur that involve the foundation as well as

the embankment. This type of failure generally develops where the

foundation is relatively homogeneous with insufficient foundation shear
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a. A 150-ft-wide break in the 20-ft � high
dike sect ion

b. Flooded sewage treatment plant

Fig. 1, Retaining dike failure resulting
in flooding of a nearby sewage treatment

plant  Philadelphia District!
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a. PI-IOTO OF FAII URE

CROSS SECTION QF FA ILLIRE

YZG. 2. � Rotational Failure in Dike
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a, PHOTO OF FAILURE WHERE SLIDING TOOK PLACE

AT EMBANK'CLIENT/FOUNDATION CONTACT

D RECTiOIV 0F 5LIDIN i

b. CROSS SECTION OF FA II URE

FIG. 3.--'I'ranslatory Failure in Dike
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B. ROTATION OF MATERIAL BEYOND DIKE TOE

OJREC RON OF 5l.lDJNC

b CROSS 5ECTION OF FA LURE

PIG. ~I.--Fiotational Failure Involvinp Hots Dike and Foundation
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strength being the usual cause of failure. A translatory or wedge-type

failure can also occur in the foundation where the foundation consiscs

of stratified strata of various soil types  see Figure 5!. Horizontal

sliding generally occurs in one of the weaker strata in the foundat ion.

METHODS OF ANALYSIS

The principal methods used to analyze dike embankments for stabiI II v

with respect to shear failure are conventional limit equilibrium analys .s

that assume either a sliding surface having the shape of a circular nrc

or a composite failure surface composed of a long horizontal pla~e

connecting with diagonal plane surfaces up through the embankment an<i

foundation. These analyses simulate the types of shear failures shown

in Figures 2 through 5 and are commonly referred to as the circular arc

and wedge methods. Various computer programs are available to perform

these analyses; therefore, the effort of making such analyses is grent1v

reduced and primary attention can be devoted to defining shear strengths,

unit weights, geometry, and loading conditions, It is recommended t hat

results of all computer analyses yielding minimum factors of safety be

checked manually,

There are several methods of limit equilibrium analyses avaiiab1<

that utilize a circular arc failure surface. For dike analysis any of

these methods are suitable as long as the user is aware of assumptions

and limitations involved in the method used. Johnson �! and Mrigh1: �>!

summarize and discuss several methods of stability analysis in some

detail. Procedures for performing a wedge type of stability anaLysis

can be found in Engineer Manual lllO-2-1902 �! as well as most soi L

mechanics textbooks.
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FIG. p.� 'j.'ranslatory 1"ailure 'n !i~e and i'oundation
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The infinite slope method of analysis can be applied to dikes composi d

of cohesionless materials. For slopes without seepage, the factor of

safety, FS, with respect to sliding in the cohesionless material is

given by:

tan 4
tan

where

angle of internal friction of soil

slope angle

For dikes composed of cohesionless material subjected to a condition i!f

steady seepage with the phreatic surface coincident with the outer

slope, the factor of safety can be approximated by:

FS tan 5/2
tan l3

Slope stability charts that provide solutions to certain slope

stability problems are presented by Taylor �0! . Although these solut ious

are applicable only to simple homogeneous embankments with finite slopes.,

they may also be used for rough approximations and preliminary solutions

to more complex cases.

A quick assessment of the stability of dikes on soft clay without

the use of more sophisticated stability analyses can be made by e!mploy-

ing bearing capacity equations and an influence chart. Although approxi-

mate, this analysis can provide answe rs suitable for preliminary est imat s
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of embankment heights. The derivation for and examples of use of the

bearing capacity equations for preliminary analysis of dikes on sof t

clays is presented by Hammer and Blackburn �!, but basically the equation.

H =�
Y

where

H = dike height

y = unit weight of embankment material

q = ultimate bearing capacity of soil

can be used to approximate maximum dike heights. It must be emphasized

that approximations are just that and are subject to considerable error,

therefore they should be used only for ballpark estimates and nothing

more.

CONDITIONS OF ANALYSIS

There are three primary conditions for which dikes can be analyzed

with respect to slope stability: end of construction, steady seepage,

and a sudden drawdown. End of construction and steady seepage are the

most commonly analyzed conditions with sudden drawdown being applicable

to a lesser degree. The conditions for which any dike is analyzed must

be those expected to occur under operating conditions, recognizing there

may very well be variations from the aforementioned conditions that may

be most applicable. In any case, it is imperative that the conditions

analyzed be those that most nearly match actual field conditions. ln
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other words, considerable judgment must be exercised in determining the

most applicable conditions of loading to which a given dike will bc

subjected. The following paragraphs contain a discussion of each of the

conditions mentioned

For most dikes constructed on foundations of soft, weak materials or

on foundations containing a weak stratum in an otherwise strong founda-

tion, the most critical period involving failure due to inadequate shear

strength is at the cnd of construction. This is because at this time

the material is usually in its weakest state, not having had time to

consolidate and gain strength under the imposed loading

Consequently, all dikes should be checked for stability during the end

of construction condign.ion. Analysis for the end of construction con�

dition is applicable to both interior and exterior slopes. The effects

of underseepage and resulting hydrostatic uplift pressure acting Ln

pervious foundation strata must be considered in this analysis.

A condition of steady seepage through the dike resulting from the

maximum anticipated storage level in the containment area may be critical

for stability of exterior dike slopes. A sketch depicting this con-

dition is shown in Figure 6. All dikes should be analyzed for this

condition if it is anticipated that saturation of the embankment will

occur and a condition of steady seepage will develop within the dike

and/or foundation. This condition is especially applicable to dikes

composed of semipcrvious and pervious materials but should also be

considered for dikes composed of any material. This is because it is

very important that the dike be stable against failure resulting from

steady seepage conditions since failure from this cause generally occurs
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FIG. 6,� Dike Subjected to Steady-State Seepage Condition
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with a considerable depth of dredged material in the disposal area an~.'

could therefore result in substantial damage due to loss of a high

volume of dredged material.

Exterior dike slopes may become saturated during high water level»

from adj acent streams or from high tides. If the water level then fails

faster than the material can drain, excess pore water pressures and u»-

balanced seepage forces result. This phenomenon is termed sudden draw-

down. In performing an analysis for the sudden drawdown condition, it i.s

generally assumed that the water level drops instantaneously so that no

pore pressure dissipation occurs. This condition is applicable to those

dikes situated near large bodies of water or streams whose level may

reach near the dike crest, remain there long enough to saturate the

dike, and then fall fairly rapidly. It may also be applicable to dikes

subject to the effects of substantial tidal fluctuations  Figure 7!.

Failure from sudden drawdown will usually be in the form of relatively

shallow sloughing of the affected slope and thus is not considered as

critical as failure from the end of construction or steady seepage

conditions where an entire dike section may be lost. Loss of slope

protection and a weakening of the dike are the usual consequences of

failure from sudden drawdown, There are no recorded di.ke failures from

sudden drawdown, but large dikes, especially those with substantial

slope protection, subjected to the conditions previously described,

should be analyzed for the effects of sudden drawdown.

SELECTION OF SHEAR STRENGTHS

The selection of proper soil shear strength parameters for input

into stability analyses is every bit as important as the method of

analysis itself. In the past, soil strengths for dike design have
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a. DIKE SUBJECTED TO FLOODING FROM
ADJACENT RIVER

b. DIKE SUBJECTED TO TIDAL FLUCT ATIONS

FTG. 'I'. � Situations Conducive to a Sudden 3ramiown Condition
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largely been assumed. However, as the need for more sophisticated

analyses and design increases, it is imperative that shear strengths b~

determined f rom reliable laboratory and field t est data. This hy no

means rules out the use of experience. Experience with respect to shear

strengths should continue to play a vital role in dike design, but

supplementary rather than a primary means of shear strength determiner i< n.

Type strengths  i e., unconsolidated-undrained, consolidated � undrained,

and consolidated � drained! applicable for each condition of analysis

previously discussed are given in Table l. A comprehensive treatment c I

soil shear strength determination can be found in Reference 2.

RECOI'iMENDED MINIMUM FACTORS OF SAFETY

Recommended minimum factors of safety for slope stability analyses

of retaining dikes designed by the CE are given in Table 1. These

values are to be used where reliable subsurface data from exploration

and testing are available for input into the stability analysis. Thc

factors of safety given in Table 1 are applicable to dikes less than

30 ft in height where the consequences of failure are not extremely

severe. For dikes greater than 30 ft in height and where the conse-

quences of failure are severe, the criteria given in Table I of Fngineei

Manual 1110-2-1902 �! should be used.
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Table 1

A licable Shear Stren ths and Recommended

Minimum Factors of Safet *

Minimum Factor

of Safet

Shear Stren th

Main Appurtenant
Dikes DikesCondition

I.3~ 1,3VU CDEnd of construction

CD Exter ior 1. 3

CD Exterior 1.0 NA

Criteria not applicable to dikes greater than 30 ft in height or
where the consequences of failure are very severe. For such dikes
use criteria given in Table l of Engineer Manual 1110 � 2-1902 �!.

For low-plasticity silt where consolidation is expected to occur
rather quickly, the CU strength may be used in lieu of the UU st. length.

To be applied where reliable subsurface data from exploration and
testing are available; where assumed values are used, recommended
minimum factors of safety should be increased by a minimum of 0, I.

tt
Use UU strength where it is anticipated loading condition will occur

prior to any significant consolidation taking place; otherwise use CU
strength.

Use 1.5 where considerable lateral deformation of foundation is

expected to occur  usually where foundations consist of soft, high-
plasticity clay!.
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IMPROVING FOUNDATION STABILITY

The condition of a dike foundation can be and often is the decisive

factor in determining the feasibility of constructing a retaining dice.

Since suitable areas for disposal of dredged material are usually limited,

retaining dikes must be so aligned as to make optimum use of the d i s-

posal area, of ten without regard to foundation conditions. Thus, di.~e

foundations must sometimes be improved in order that the dike may be

built. Economically feasible methods of improving dike foundations ire

limited, but it should be recognized that the economic justifi<ation of

a given method is not an absolute value but is directly related to the

particular project.

The most positive method of dealing with excessively weak and/or

compressible foundation soils is to remove them and backfill the excava-

tion with more suitable material. This procedure is usually feasibl<.

only where deposits of unsuitable material are not excessively deep

 i.e., up to about 20 ft in thickness!, where suitable backfill material

is available, and where a firm base exists upon which to found the

backfill. The excavation. and replacement can be accomplished by any

practical means, but for most dikes in areas of high water tables

 i.e., marshes, tidal flats, etc.! excavation is best accomplished with

dredges, matted draglines, and barge � mounted draglines. Mhere backfilling

is to be accomplished in the wet, only coarse-grained material shoul<1

considered for use as backfill. The amount of excavation need n<!t

always be under the entire section or to full depth of soft materia1.

but can be partial if determined by stability analyses to be appropr- at ..

Some sections successfully used in the past to prevent horizontal sl;din,;

of the embankment are shown in Figure 8.
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LJNDESIRABLE
MATE RIAL

//,

FIRhl 8ASE

COMPLETE EXCAVATION AND REPLACEMENT

b. PARTIAL EXCAVATION AND REPLACEMENT

FZg. 8.--Typical Use of Excavation and Replacement
Method. to Improve Dil:e Stability
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Dikes must frequently be built over areas consisting of very soft

materials. Although the depths of these deposits may not be great, rhc

cost of their removal may not be justified, and a dike having adequate

stability can be constructed by end-dumping fill and utilizing i ts

weight to displace the undesirable material. It is desirable to use

this method where a f irm bottom exists at a reasonably shallow depth; it

has, however, been successfully employed in areas where no definite firm

bottom existed, but the foundation material merely increased in strength

with depth, in which case the depth of displacement is considered to bc

that necessary to stabilize the embankment at the desired height

 Figure 9!, However, use of the displacement method in the latter case

does increase the likelihood of post-construction settlement. Du» to

the construction techniques required to successfully use this method, it

is highly desirable to place fill by end-dumping methods rather than by

hydraulic means. It is also desirable that the material to be displaced

exhibit some sensitivity and have average in situ shear strength of less

than about 150 to 200 psf. The greater the sensitivity of the material

and the lower its in situ strength, the easier it is to displace.

Basically, the displacement technique consists of advancing the fi'»

along the desired alignment by end-dumping and pushing fill over onto

the soft material with dozers, thus continually building up the fj ll

until its weight displaces the foundat ion soils to the sides and =n

front of the fill. By continuing this operation, the dike can finally

be brought to grade. Since this method involves the encouragement of

foundation displacement, the section should be as steep sloped as possible

and built as high as possible as it advances across the foundation. The
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a. WITH FIRM BOTTOM

STRENGTH INCREASES WITH QEPTH

b, WITHQLIT FIRM BOTTOM

FIG. 9. � Fina,l Dike Sections After DisTIlacement
of Soft Foundation Material
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fill should be advanced with a V-shaped leading edge so that th» cert L. r

of the fill is always the most advanced, thereby displacing the sott

material to both sides  Figure lD!. This will greatly lessen the chan< »s

of trapping soft material beneath the fill. A wave of displaced material

will develop along the sides of the fill. These mud waves have been

known to be as high as the top of the fill; however, they should not b»

removed.

Improving dike stability by stage construction refers to the building

of an embankment in increments or stages of time. This method is us»d

when the strength of the foundation material is inadequate to support

the entire dike if built at one time. Using stage construction, the

dike is built to intermediate grades and allowed to rest for a time

before placing more fill. Such rest periods permit dissipation of pore:

water pressures and consolidation that result in a gain in strength ..c

that higher dikes can be supported. Obviously, this method is most

appropriate for foundations that consolidate rather rapidly and works

best for clay deposits interspersed with continuous seams of perviou

silt or sand. However, lack of speed of consolidation may not be a

drawback if the filling rate of the disposal area is slow enough to

allow considerable time between construction of. the various dike stages.

In fact, stage construction appears to be a promising method of con-

structing retaining dikes as the intervals of construction can, in many

cases, coincide with the filling of the disposal area; i.e., full dike

height may not be needed until many years after initial construction.

In using stage construction, estimates of strength gain with t.ime should

be made as described in Reference 2. Also, it is highly desirable to
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PLAN

b. PROF ILE

FIG. 10 � Advancement of Fill ilsing 1;nd-dumping and i!isplacement 'technique
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install piezometers to monitor the dissipation of pore water pressur's.

Disadvantages of this method include the need for separate construction

contracts and uncertainties with respect to the gain in strength wite

time.

Tn seismically active areas, the possibility of liquefaction of

loose sand deposits in dike foundations may have to be considered.

Since methods for densifying sands such as vibroflotation, blasting, etc.,

are costly, they are generally not considered except for dikes where the

consequences of failure are very severe or at locations of important

structures in the diking system, However, less costly defensive design

features may be provided, such as additional freeboard, wider dike

crest, and flatter slopes.

Flattening embankment slopes will usually increase the stability of

an embankment against a shallow foundati.on failure or a failure that

takes place entirely within the embankment. Flattening embankment

slopes reduces unbalanced gravity forces that tend to cause failure and

increases the length of potential failure surfaces, thus increasing

resistance to sliding.

Stability berms provide essentially the same effect as flattening

embankment slopes but are generally more effective since they concentrate

additional weight where it is needed most and force a substantial in'rease

in the potential failure surface. Thus, berms can be an effective means

of stabilization, not on.ly for preventing shallow foundation and embank-

ment failures, but for preventing deep-seated foundation failures as

well. Berm thickness and width should be determined from stabi.lity

analyses and the length should be great enough to encompass the entire
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problem area, the extent of which is determined from the soil profile.

Foundation failures are normally preceded by lateral displacement of

material beneath the embankment toe and by noticeable heave of material

just beyond the toe. When such a condition is noticed, berms are often

used as an emergency measure to stabilize the dike and prevent further

movement. The main disadvantages of berms are the increase in area

occupied by the embankment and the amount of material required for their

construction,

STABILIZATION JUST PRIOR TO AND AFTER FAILURE

With the use of proper observational techniques, impending stability

failures may be detected and measures taken to improve the stability ol

the section prior to failure. Lateral movement of slopes, slight sinking

of the crest, or heave near the toe, as well as development of tc nsi o»

cracks, can give advance warning of failure, Since most failures begin

slowly, early detection and immediate corrective action can often prevents

complete failure. Flattening dike slopes and adding berms have often

been effective as stop � gap measures for increasing stability.

Once failure has occurred in a soft clay foundation, the process of

rebuilding is often more difficult than initial constr~ction becaus~

many soft clays are sensitive and their remolded strengths are often

much less than their initial shear strengths. It is good practice after

a failure to allow time far some consolidation and resulting gain in

shear strength before attempting to rebuild. This will give the remojdeo

clay time at least to partially overcome the ef.fects of strength reduction

due to remolding. When remedial construction is started, care should be
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taken not to load the foundation too quickly. Reconstruction . hould be

done as slowly as possible with the entire area brought up togethei

rather than building to full height in sections.

SEEPAGE

Uncontrolled seepage will occur through earth dikes and Coundat oiu;

consisting of pervious or semipervious material unless prevented

positive means such as impervious linings, blankets, or cutoffs,

effects can create instability through internal erosion  piping! of dike

or foundation materials or may lead to a shear failure by causing a

reduction in the available shear strength of the dike and/or fcundat.ioii

through increased pore pressure or by the introduction of seepage for «cs.,

A dike failure caused by uncontrolled seepage is shown in Figure i.l. ' hc

conditions given in the following paragraphs may create or contribute to

seepage problems in retention dikes.

Dikes with stee slo es com osed of coarse � rained ervious matLri,.ls

or fine � rained silt. In this case the seepage line through the embanj.meri 

may exit on the outer slope above the dike toe resulting in raveling

the slope. If the dike contains alternating layers of pervious and

impervious materials, the seepage surface may even approach a horizcnt; 1

line at the ponding surface elevation, thus creating an even more scvi.>e

stability problem  Figure 12!.

Dikes built on ervious foundation materials or where ervious Tat~rials

are near the surface or ex osed as a result of nearb excavation  Figure 13!

This is a common. condition where dikes are constructed by dragl ini.. using

an adjacent borrow ditch. Tn this case surface or near-surface peat i d

other fibrous materials are included as pervious foiindation materials
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FIG. 11--!!eke Fai liire Caused By Uncontrolled Seepage



FIG. 12.� Seepage I,ines Through Dil;e

P E RV I 0 LISEEPAGE

F1G. 13.--Seepage L'ntrance Through Area "xcavated 'i~'ithin Disposal Area



This condition may lead to the development of large uplift pressures

beneath and at the outer toe of the dike, causing overall instabilit

from inadequate shear strength or may result in piping near the embank-

ment base.

Dikes constructed b castin methods with Little or no corn action.

This method of construction may leave voids within the dike through

which water can freely flow, resulting in piping of dike material.

The existence of see a e aths alon the lane between the foundatior.

and the dike. This can occur when the dike base and foundation surface

are not properly bonded together. Seepage occurring at this point can

result in piping of. the embankment material along the base or the dike

or the development of high uplift pressures, either of which can even u-

ally cause failure of the embankment.

The existence of see a e aths alon the contact between structures

within the dike and the dike. This condition can be caused by inadequat=

compaction of dike materials against structures, shrinkage of materi,~l

adjacent to structures, or dif ferent ial settlement. As in previous

cases, piping of the dike material usually results and normally leads 'o

breaching of the dike.

HETHQDS OF ANALYSIS

Seepage analyses for dikes will primarily consist of determination

of the position of the seepage line  or phreatic surface! within the

dike itself, determination of uplift pressures resulting from foundation

underseepage, and, to a lesser degree, determination of the quanti ty of

flow. Several mathematical and graphical methods are available for

these determinations. Keference 14 and Cedegren  L! contain guidance in
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the analysis of seepage problems and their control. A graphical solu-

tion for estimating the position of the seepage surface developed by

L. Casagrande is given on p. I84 of Reference 10. A chart for e~t im:~c--

ing the time required for the development of the seepage lin» ot

embankment is given by Cedegren  l, p. 253!. Once the position of the

seepage line is determined, it should be compared with the location cf

the outer slope line to determine if measures are needed to avoid the

emergence of seepage on the outer slope. Uplift pressures shoulcl b»

applied in the stability analyses and either the design made to take

such pressures into account or steps taken to reduce the uplift pressure ",

to acceptable values, Plow quantities are needed to design and size

exterior ditches to handle the water. This is often required where th»

dike or parts of the dike are designed as filtration devices for the.

dredged material. The references previously given also contain guid nice

on the design of filters to avoid piping. The phenomenon of piping

cannot be analyzed theoretically, but conditions conducive to it, suc h

as high gradients, can be determined by theoretical means.

SEEPAGE CONTROL

Seepage through retention dikes constructed of pervious or semipervious

materials may be controlled by placement of an impervious barrier on tho

interior dike slope to restrict flow. This barrier may consist of a

layer of impervious soil or polyethylene sheeting. Impervious soil

barriers should be a minimum of 3 ft in thickness and thoroughly comapcted.

Sheeting placed for this purpose should have a minimum overlap of 2 Ft

at joints, and provisions should be made to ensure that the joints are
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sealed. Recent developments in the area of chemical spray-on plast i ca

have also shown possibilities in the control of through � seepage. Experi «nce

in the Philadelphia District, CE, has shown that for pervious dikes in

low hazard areas, a policy of compaction of the dike material plus

increasing the section width by slope flattening or by increasing the

top width has proven. adequate against failure, although through � seepage

in the dike does develop. Seepage problems resulting from the presence

of voids in dikes constructed by casting can best be controlled by

requiring the dikes to be compacted to some degree in order to eliminate

open voids. Adequate compaction for this purpose can usually be. attained

by extra tracking by the dozer during shaping. In performing this

operation, it is necessary that the dike be cast up in lifts rather than

built to grade as the section advances across the foundation.

Where pervious foundation materials are encountered, the seepage

path can be blocked by constructing an impervious cutoff through the

pervious materials, the dike section can be increased in weight to

counteract the seepage pressures, or the dike section may be increased

in length in order to reduce exit gradients to within tolerable limits.

Cutoffs are feasible only for relatively shallow and thin pervious

deposits as they should fully cut off the pervious stratum. Partial

cutoffs have been shown to be relatively ineffective. If a cutoff is

considered to reduce seepage through a surface root mat or peat deposit,

its effect on the overall stability of the section should be considered.

In many cases these surface deposits have been shown to be benef.icial

from a slope stability standpoint, but they must be fairly continuous in

order to be of benefit. It is therefore recommended that if such a
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cutoff is considered, it should be placed at or near the interior diI<»

toe rather than. under the dike center line.

To prevent piping of foundation materials, it is recommended tha 

the exit gradient have a safety factor of at least 1.5 when corrrpared

with the critical exit gradient of the material through which flow is

occurring. A factor of safety of about 1.5 based on net uplift for  es

is also recommetrded for failure due to uplift of semipervious or impervious

top strata  Figure l3!. Larger safety factors may be required where. 'he

consequences of dike failure are great. The seepage path may be lengrfrened

by berms, impervious bIankets, and/or flattening of exterior dike.. slopes.

Seepage problems at the contact between a sluice and the dike rrray be

avoided by ensuring that adequate compaction of the dike material is ob-

tained at the contact. Also, it is desirable to use material on the rr<st

side of optimum to increase its plasticity, thereby increasing its

resistance to cracking and the formation of seepage paths. It is alsr>

desirable to install impervious seepage fins extending from the structure<.

into the dike. An additional degree of security may be obtained by

increasing the dike cross section at these locations. Prevention of

seepage at the dike � structure contact is further discussed in Reference

Proper clearing and preparing of the dike foundation to receive the

newly constructed dike can prevent problems ca~sed by seepage paths betwr< n

the ground surface and dike. In areas with very soft foundations whar»

marsh grass and root mats are to be 1.eft in place for stability, measures

previously discussed should be taken to reduce or block seepage ChrougI-.

this material. Also where these materials are to be left in place, if

the dike crosses a hard spot such as an old dike or road, the hard spot
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should be completely denuded of all vegetative growth. The Mobile

District, CE, reported a failure in a retaining dike because this

material was not stripped where the new dike crossed an old dik» resul-

ing in seepage and piping of the dike material in this area.

SETTLEMENT

Settlement of dikes can result from consolidation of embankment

and/or foundation materials, shrinkage of embankment materials, or.

lateral deformation of foundation materials. Like uncontrolled sc epag»,

settlement of dikes can result in failure of the dike, but more likely

will serve to precipitate failure by another mode such as seepage or

shear failure. Distress from settlement usually takes some time Lo

develop as consolidation, shrinkage, and lateral deformation ar« Y im»-

dependent, directly related to the soil permeability and loading. Some

lateral deformation can occur quickly, however, such as during construc-

tion  particularly in relation to the displacement method of construction,'

Settjement problems in dikes are almost always related to fin»-grained

soil because settlement of coarse-grained permeable soil is generally

much less, occurs relatively quickly, and is compensated for during

construction. Specific forms of settlement that commonly cause problems

with dikes include:  a! excessive uniform settlement,  b! differential

settlement,  c! shrinkage of uncompacted embankment materials, and

 d! settlement resulting from lateral deformation  sometimes referred to

as creep! of soft foundation soils. Excessive uniform settlement can

cause a loss in containment area capacity due to loss of dike height

 Figure 14!. Differential settlement can result in cracking of the
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FIG. 14.--Yxample of Exeeesive UniforrII settlement
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dike, which can lead to a shear or piping failure. This is an especia 1>

acute problem at junctions between dikes and structures in dikes.

Differential settlement is caused by the foundation being subjected to

varying loads over a relatively short distance  as in the case of a

structure within. a dike!, or by a foundation consisting of materials of

different compressibility, usually of varying thicknesses  as in the

case of a foundation containing an old slough filled with soft compres-

sible material or noncompressible material!. Examples of differentia1

settlement resulting from these different causes are shown in Figures 15

and 16. Both excessive uniform and differential settlement can cause

distortion and/or rupture of weir discharge pipes located under or

through dikes and can cause distortion of the weir box itself. Embank-

ment shrinkage in. dikes built with fine-grained cohesive material by

hydraulic or cast methods can result in volume reductions as high as

30 percent �1!. Shrinkage of loosely placed cohesive materials is dif-

ferentiated from consolidation in that it occurs from evaporation of

water in the soil rather than a squeezing out of water, as occurs with

consolidation, although both result in a loss of volume.

SETTLEMENT ANALYSES

Where estimates of amoun.t of time and total settlement are needed, a

conventional analysis such as that contained in Engineer Manual 1110-

2-1904 �! or in various textbooks on soil mechanics is recommended.

NAVFAC DM � 7 �! is also recommended for guidance in performing settlement

analyses. In order for an estimate of set tlement by theoretical means

to be valid, the materials analyzed must be fairly uniform and capable
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of being represented by a laboratory consolidation test, and the drainage

conditions must be well defined. Unfortunately, the above conditions

are often not satisfied with respect to dike materials or dredged mat< rial,

However, theoretical analyses are still applicable, even though in ma.~y

cases they are somewhat inexact.

UNIFORM SETTLEMENT

For most earth structures on compressible foundations, uniform

settlement resulting from consolidation of the foundation can cause a

loss of design grade and must be compensated for in the initial design.

However, for retaining structures a unique situation exists with resp< ct

to the effects of uniform dike settlement: the containment area. will

also be loaded and should also undergo settlement that may compensate

for the dike settlement, resulting in little or no loss in capacity oi

the retaining area. For dikes on compressible foundations, this f'act

should be verified, however. This can be done by performing settlemc:it

analyses for both the dike foundation and the containment area  using

projected filling rates! and comparing the amount and rate of settlemcnt

of each. If such an analysis shows a net loss of dike height  as is

often the case when a considerable period of time elapses between the

time of dike construction and filling of the disposal area!, it should

be compensated for by overbuilding the dike or by making provisions

raise the dike back to the original design grade at a later date ,'i.e , u.-.e

stage construction!.

Overbuilding dikes by the amount of anticipated loss of grade due to

settlement often appears the easiest and cheapest solution to the problem,
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but is really not practical in many cases, as it can significantly affect

stability of the dike against shear failure  i.e., can require higher

dike sections!, as well as cause additional settlement. This is not to

say that use of overbuilding to compensate for anticipated settlement

should be ruled out, but it should be closely studied before being

specified as a compensating procedure.

The use of stage construction  i.e., raising dikes as necessary

after settlements occur! is somewhat more troublesome and expensive than

overbuilding, but is often the only practical solution, especially for

dikes on highly compressible foundations where overbuilding can create

more problems than it solves, as previously discussed. The use of. stage

construction to compensate for dike settlements has often been successful

in the past on many dike projects.

EMBANKMENT CONSOLIDATION AND SHRINKAGE

Consolidation and shrinkage of embankment materials will vary con-

siderably, being dependent not only on material type but on method of

placement. Generally, methods for theoretical settlement. analyses of

embankment materials are only applicable to dikes composed of compacted

uniform materials.  These materials will usually exhibit the least amount

of consolidation and shrinkage.! The amount of embankment consolidation

and shrinkage usually must be estimated.

As a general rule, dikes built of semicompacted fill will experience

a reduction in volume on the order of 10 to 15 percent. Usually, thi.s

small amount of volume decrease can be compensated for by overbuilding.
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Estimating the reduction in volume of uncompacted fill  i.e., fill

placed by casting! is a difficult task, as it will depend greatly upon

the consistency and water content of the material being placed and the

construction procedures used  i.e., the amount of equipment cover.age

during shaping, etc.!. Estimates of reduction in volume of uncompacted

fill should generally be based on knowledge of the previously mentioned

factors and experience with fills built of similar materials and by

similar construction procedures. In the absence of any supporting dat;r,

a reduction in volume of 15 to 20 percent should be applied for un< ompa< ted

fill.

The compressibility of hydraulic fill containing stiff cohesive soil

results primarily from deformation of the clay lumps, while the rate <it

consolidation is determined by the characteristics of the matrix surroun-

ding the clay lumps. Hydraulic fills containing soft cohesive soi.l are

highly compressible, but again, the rate of consolidation is dependent

on the matrix material. Consolidation of cohesive materials with a

sandy matrix may be essentially complete within a few weeks, while

consolidation of cohesive materials with a clay matrix may continue for

years.

DIFFERE'.tTIAL SETTLEMENT

Where the possibility of differential settlement  as shown in

Figures 15 and 16! exists, an analysis should be made to determine the

total differential settlement across the area under concern. Although

there are no specific criteria that set forth how much differential

settlement a particular soil can withstand before cracking, measures can

be taken to reduce the magnitude of the differential settlement so that
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ZONES OF CRACKWG OR

SO FT COMPRESSI BLE IVIA TERIAL

FIG. lh. � Cracking at !ike-Structure Junction Caused
By Differential Settlement Due to Dike Load
on Foundation Being Greater Than Sluice Load
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the chances of distortion and cracking are lessened. These measures

include  a! removing all or part of the compressible material and re-

placing with more suitable material;  b! using flatter excavation slopes

�V on 4H minimum! where excavations  usually for structures! are involved;

and  c! specifying good compaction procedures and more plastic embank''.errr

materials adjacent to structures.

LATERAL MOVEMENT

In some cases where extremely poor foundatiorr conditions are errcoun-

tered, settlement due to lateral movement of foundation materials may

also warrant consideration. Experience with instrumented test sections

in the Atchafalaya Basin, I.ouisiana, in the New Orleans District, CE,

has shown that more than 30 percent of observed settlement induced by

the addition. of an 11-ft height of fill was due to lateral movement of

foundation materials. This was observed in an area where the fourrdat ion

consisted of peat and soft organic clay with very high water contents

underlain by soft and medium clays of high plasticity and where the

sections were constructed with safety factors of about 1.3 against shear

failure. Other sections constructed with safety factors of about I.I

indicated as much as 50 percent of observed settlement was due to

lateral movement of foundation materials. Experience from the Atchafalaya

Basin Floodway has shown that overbuilding should not be considered as

solutio~ for lateral spreading as the additional load from overbuilding

will generally tend to aggravate the problem rather than help solve it.

This same experience has also shown that vertical settlement due to

lateral movement will be minimized by designing a section with a higher.

minimum factor of safety with respect to shear failure  on the order of

1.5!.

294



SURFACE EROSION

Retaining dike failures can be initiated by the effects of wine'.,

rain, waves, and currents that can cause deterioration of interior

exterior dike slopes. The exterior slopes of dikes subject to c ~nsia ~t

or intermittent wave and/or current action of tidal or flood wat =-..s

generally exposed to the most severe erosion. However, interior diki

slopes may also be subjected to this type of erosion, partic ularl; iu

large confinement areas during periods of high discharges from dispo:;~i

operations. 13ikes adjacent to navigable rivers and harbors ar~ a isa

subject to erosion from wake waves of passing vessels.

Erosion of dike slopes due to the effects of wind, rain, and ice is

a continuing process. While these forces are not as immediate'y damaging

as wave and current action, they can gradually cause extensive damag» L;

the dike section, particularly dikes composed of coarse � grained ;ohe-.ioa-

less materials

Normal disposal operations can cause erosion of interior djk» sl >pe

from pipeline discharge and to exterior slopes ae outlet structures.

Improper and/or poorly supervised operations of this type can cause ik

failure. The pipeline discharge of dredged material is a powerfui

eroding agent, particularly if the flow is not dispersed. When straigh'�

discharge is employed, a depression as shown in Figure 17 is formed ~t

the point of impact, which, as it enlarges, can undermine the pipe

foundation and, if too close to the dike, deteriorate the section.

Discharge from weir and spillway outlets can damage exterior dike si>pcs

if the discharge is located too close to the dike  Figure 18!. Eikewis:,

location of weir inlets too close to the dike can cause erosion of

interior dike slopes. Also, disposal areas are occasionally negligenti>
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overf illed to the point of overtopping the dike.. When this occurs,

severe damage to the dike can result from e»osion of the crest and

exterior slopes. Figure 19 shows damage to dike crest caused by over-

topping.

Almost all dikes will require some sort of protection against

failure due to erosion of their exterior slopes und possibly Lh< i»

interior slopes, For dikes where the consequences of failure would

so severe as to be intol erab1e, slope protection must be designed to

prevent failure under the worst foreseeabIe conditions. Where failures

can be tolerated, the expense and degree of protection must be weigh-d

against the expense and frequency of repairing failures. Generally, it

will be more desirable to provide adequate p»ritection rather than sutfer

the economic and environmental damages of failure.

There are many methods of slope protection. These methods vary  rom

minimal, such as grassing to prevent damage from weathering, to suh-

stantial, such as massive stone or concrete revetments to prevent damage

.'rom storm waves such as that shown in Figure 20. Since the conditi »>s

affecting design of retaining dikes are widely varied, the design of

slope protection for each structure must be considered on an indiv.idual

basis. The following paragraphs discuss some of the methods commonly

used for slope protection.

FLAT BEACHES

Where material quantities and real estate are available, a gentiy

sloping beach, as shown in 1 igure 21, may be used to protect the dike

against wave action. Gently sloping beaches are effective since wave
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NOTE: MHW = MEAN HIGH WATER.

FEG. 21.--Use of Sand Hesch for Jike Slope protection
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energy is dissipated by runup on the flat slope. This type of protect. ion

is of particular interest for use as protect ion on exterior slopt s of

dikes that are adjacent to large bodies of water and continuously ex-

perience wave action. Where the material and space are availab Lo, flit

beaches are often far more economical than ripra~>, parti culariy i t ion~

haul distances are involved for transportation of Ll>u riprap. Ann [ her

consideration in favor of flat beaches is that for dikes constructed r>f

pumped hydraulic fill, flat slopes normally result anywiy. i>osign i>f

flat beaches should be based on a study of nearby existing beaches wit.h

similar controlling conditions. A slope oi lV on 10H sho«ld I>e s«it «bl»

for preliminary design. It should be recognized that partial or comp> ~ te

replacement by riprap or other means may be necessary in certain urus.',

such as at structures within the embankment or areas subjected to part icu-

larly severe wave or current action. Guidance for usu in the design ol

flat beaches may be obtained from the Coastal Fngineering Research

Center  CERC! publication, "Shore Protection Manual" �!!.

RIPRAP

Quarry-run riprap or graded stone riprap placed over a crushed stone

bedding material  filter! or filter cloth is Lhe most commonly used

method of substantial slope protection. «gains t wave and current «r<>sion.

The widespread use of riprap is due to several reasons, some of which

are  a! quarried stone is readily available in most. areas;  b! common

construction equipment and techniques are utilized in placement;  ~ ! ' h»

performance history of riprap is good; and  d! riprap is usually the

most economical method to achieve the protection desired. A typical

riprap protected dike is shown in Figure 22.
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FIG. 22.--Typical Riprap Slope Prot, ection
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Design procedures using riprap to protect against wind-driven or

ship-generated waves are presented in Engineer Manual 1110-2-2300,

"Earth and Rockfill Dams, General Design Considerations"  9!. Engineer

Manual 1110 � 2-1601, "Hydraulic Design of Flood Control Channels"  8!

contains guidance on riprap design for protection against current or

flow velocities. Guidance for coastal installations is contained in

Reference 12.

The upper limit  or maximum height! of riprap protection shnuLd

provide adequate freeboard above the maximum water level  usually high

tide, highest expected interior water level, or design flood stage! plus

design wave height; the lower limit should provide a toe or key below

minimum water level  low tide or minimum flow!. In any event, riprap

protection should extend well above and below design high and low water

levels. Often thi.s will be the dike crest and a minimum of 2 to 3 ft

below water, respectively  Figure 23!.

OTHER MFTHODS

Although riprap is the most common method of. substantial slope

protection, other methods should be considered to determine which is the

most feasible and economical. Factors such as site access, high trans-

portation cost, availability of suitable stone, or other considerations

peculiar to a particular site can make alternative methods of s3ope

protection more feasible. Other available methods of slope prot.eciton

include  a! grout-filled nylon revetments  FABRIFORM, VSL, HYDROMAT, etc.j,

 b! interlocking concrete blocks  LOK-GRAD!,  c! concrete paving,

 d! sacked concrete,  e! stone-filled wire mesh baskets  GABIONS!,
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FIG. 23.� Cross Section of Dike With Exterior
Slope Protected by Riprap
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 f! soil-cement, and  g! precast concrete forms  Tribars, Tetrapods, etc. ! .

Specifications and design criteria for most newly developed slope pro-

tection systems can be obtained from manufacturers' literature.

A small amount of cohesion in dike embankment materials greatly in-

creases resistance to erosion caused by wind and rain. On the other

hand, where frost heave is common, dikes of cohesionless material will

be less susceptible to damage than those of cohesive materials. Cohesion-

less material subject only to effects of weathering may best be protected

by establishing a vegetative cover. Often a layer of topsoil is necessary

to establish such growth, along with a light cover of emulsified asphalt

ar mulch to prevent erosion unt.il such time as the vegetation is established.

The Nobile District, CE, has successfully protected. sand dikes from

erosion c aused by rain by cupping the dike crest to catch rainwater and

providing drains at certain locations along the alignment. This method

of protection is shown in Figure 24.

Polyethylene sheeting, if properly placed and overlapped, can be

effective in preventing erosion of interior dike slopes from wave and

current action and heavy discharge flow, Polyethylene sheeting can also

be used on exterior slopes on a short-term basis where erosive fore:es

are not too severe. Disadvant.ages from the use of polyethylene sheeting

are deterioration from sunlight, damage from burrowing animals, and

removal due to wind action and vandalism.

To prevent direct washout and erosion of interior dike slopes from

the pipeline discharge of. dredged material, the discharge pipe should

extend at least 50 to 100 ft beyond the dike toe. In addition, a diffuse, r

should be used to dissipate as much energy as possible. Also, a trench
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SECTION A � A

FIG. 24,--Protection of Sand Slopes Fram
Slopevash Due to 1<ainfall
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100 to 200 ft long should extend from the discharge point toward the

center of the disposal area to prevent the discharge from flowing along

the dike toe in the vicinity of the discharge pipe  Figure 25!. If, due

to the topography of the area, channelization develops along the toe of

the dike or through other undesirable areas, spur dikes or cross dikes

should be constructed.

Outfall pipes for sluice discharges should extend at least 10 to

15 ft from the exterior dike slope. Also, a ditch should be cut to

allow ready escape of discharge water away from the dike toe. Where

spillway outlets are used, special considerat ion should be given to

protection of the dike in. the area of discharge. Included in. these

considerations should be riprapping or concreting of the dike slope in

the area.

Prevention of erosion due to overtopping caused by overfilling th»

disposal area can only be controlled by eliminating negligence on the

part of personnel in charge of disposal operations. The fact that

failures such as this occur indicates the need for constant inspection

of disposal operations by qualified personnel.
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FIG. 25. � Channelization Along Dike Toe
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APPENDEX EE-NOTATEON

The following symbols are used in this paper:

CD = consolidated-drs,ined

CU = consolidated-undrained

FS = factor of safety

dike height

ultims.te bearing capacity

IfU = unconsolidated-undrained

slope angle

unit weight of embarkment material

angle of 'nternal friction of soil

3IO



LABORATORY DETERMINATION OF BULKING FACTORS

Frank DiGeorge, J. B. Herbich, and W. A. Dunlap1 . 2 3

ABSTRACT

This paper presents the results of a laboratory determination of bulking

factors for 27 different soil samples representing a variety of consolidated

sandy and silty clays typical to the Texas coastal area. The laboratory

methodology is similar to that recommended by Lacasse, et al., I977, but in-

cludes the use ot a special impeller to simulate the dredging process in

preparing soil slurries. Sedimentation tests are conducted in 1000 ml grad-

uated cylinders and observed for periods ranging from 5 to 30 days. The

effects of varying cylinder size and water salinity are also invest~gated.

The results indicate that bulking factors decrease with increasing water sal-

inity, and that significant flocculation of soil particles occurs at water

salinities as low as 13%. The results also indicated that bulking factors

tend to increase with increasing h/d ratios, where h is the height of slurry

initially placed in the cylinder, an4 d is the cylinder diameter. Equations

derived from the data are presented, and relate hulking factors to such soil

variables as containment area average void ratio, percent silt and clay, in

situ water content, and Atterberg limits. Use of these equations to predict

the laboratory observed bulking factors results in an accuracy ranging from

+ 18K to + 30K.

Lieutenant, U.S. Navy, Commander Naval Sea Systems Command Headquarters.
Washington, D.C. 20362

2Director, Center for Dredging Studies, Texas A&M University, Col Iege
Station, Texas 77843

3Professor, Geotechnical Division, Department of Civil Engineering, Texas
A&M University, College Station, Texas 77843
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I . I NTROI3UCTIQN

Bac~kraund

The maintenance of minimum water depth for safe nav~gation in U,'>.

harbors and navigable waters is a mul ti-million dollar endeavor invol-

ving the removal by dredging of approximate'ly 380,000,000 cubic yards

of sediment annual ly �!. Disposal of the dredged material has in

recent years proven to be one of the major problems facing the U.S.

Army Corps of Engineers in meetin<~ its responsibi Iity of maintaining

and improving U.S. navigab1e waters. One of the factors is the steadily

rising concern for environmental protection and the realization that open

water disposa'I of polluted dredged material may release harmful pollu-

tants into the water column, adversely affecting marine life and water

quality. In the past, as much as 70/ of dredged material was disposed

of in open water, or otherwise unconfined areas. The alternative to this

method is disposal in confined areas ashore to minimize the effect of

polluted dredged materia'I on the environment. Accordingly, it has been said,

"the basic purposes of confining dredged material are to prevent the spread

of pollutants into the environment, reduce the level of biologically harmful

or asthetically unpleasant constituents in the effluent, and decrease the

unrestricted spread of dredged materials into the adjacent environment ' �!.

Other advantages of this method of disposal include the potential use of the

area for industrial or recreational development, or to create a habitat for

supporting wildlife. On the other hand, cost of disposal in confinement

areas may vary from five to fifteen times as niuch as open-water disposal.

The method may also destroy valuable wetlands, and the land surroundirg the
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highly industrialized environment of' U.S. ports may be far too expensive to

use for dredged material containment �, 3!. These factors combine to pose

a highly complex problem for which no complete solution is easily achieved.

Problem Statement

If the choice of dredged material disposal in containment areas

ashore is made over the possible choice of disposal at sea, the ef-

ficient lang range use of the selected areas becomes critical, and a

new array of problems comes into focus. One of these problems, and the

one with which this invest~gation deals, is the change in vo1ume, or

"bulking" of a sedimented material when disturbed by dredging. The

mechanical disturbance of the soil by the dredging process and removal

of the overburden pressure caused by overlying material causes an ex-

pansionn of the soil   4!. This increase in vo1ume is accompanied by an

increase in the void ratio and water content of the soiI   5, 6!. In

the case of dense sands this expansion may be minimal, while for loose

sands the dredging process may consolidate the material through p'Iace-

ment of additional weight above it in a containment area, However, in

the case of silts and clay soi Is, the bulking of the soil may be quite

substantial, particularly for consolidated clays. This phenomenon is

partially due to the aforementioned factors, and partially due tc the

absorption of water by the clay. The "bulking factor" of a particular

soil is the dimension1ess factor expressed by the ratio of the volume of

the soil in a containment area after dredging to that volume of the soil

in situ. The term "sizing factor" as used in this report and in the

literature imp'Iies that such variables as dredge system efficiency and

long term consolidation are ircluded in the factor. The following
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equations are presented from reference 7:

V
8 =

Yd
8 =

Yd
C

�-b!

w G + 100
c s

w.G + 100
1 s

where 8 = bulking factor; V = volume in containment area; Vi = volume
in situ; Y = dry density in situ; Y = dry density in containment

1 c
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area; w = water content in the containment area; w; = water content

in situ; and G = specific gravity of the solids. Equation 1-c is
s

valid only for a soil under saturated conditions. In order to calculate

the unit volume of a soil in situ, the water content and specific

gravity must be determined, In order to predict the vo'lume occupied

by the dredged material in the containment area, the bulking factor

for the soi 1 type must be accurately known. If any long term pre-

diction is expected, the settlement and consolidation characteristics

of the soil type must also be considered  8, 9!. In the majority of

cases cited in the literature, government agencies and private con-

tractors involved in dredgi ng operati ons rely heavily on practical

experience to predict bulking or sizing factors. There has been much

dissatisfact~on or uncertainty expressed in regard to those factors

commonly employed for clay or silty-clay soils. These factors have

historically resulted in undersi zing areas by as much as 50<' or over-

sizing them by as much as 100/  lp! This problem is partially related

to the wide range of clay soil characteristics, and the close relation-



ship between the behavior of clay and the dredging system utilized to

move it. Once dredged material is in suspension, its settlement char~~-

teri sti cs are a functi on of water salinity, turbulence, and solids

concentration as well as the properties of the soil. Increasing the

salinity tends to intensify flocculation up to a limiting concentration,

above which increased concentration has little effect. Those clay

particles suspended i n fresh water tend to remai n in suspension until

all water motion ceases, and then settle very slowly to the bottom where

they accumulate as sediments. As water salinity approaches 14 /oo, the0

clay particles flocculate and settle out of suspension much faster than

in fresh water. This phenomenon is due to the fact that the abundant

number of positively charged ions in salt water tend to change the sur--

face charge of' some of the clay particles from negative to positive.

These clay particles wi th positive surface charges tend to aggregate

wi th clay particles having negative s'urface charges, formi ng flocculants

which rapidly settle out of suspension �1!.

As turbulence increases, so does floccula tion due to the increased

opportunity for co'llisions between particles; turbulence also has a

limiting va'lue above which further increases tend to break up the floc--

culated soil particles. For solids concentrations less than 2.7"',

by weight an increase in concentration tends to cause an increase in

flocculation. On the other hand, for typical dredge slurries which

range from 10'i to 30/ solids by weight, increases in concentration tend

to reduce particle movement. increase excessive pore-water pressure,

and reduce flocculation �2 !. Prediction of bulking factors for clay

is further complicated by the fact that some clay particles tend to

remain in clods, depending on the dredging method, These clods are
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transported as a "bed load" in the pipeline, exiting the line as clay

balls, These clay balls do not contr~bute significantly to the bulking

characteristics of clay, thus the percentage of clay so transported

directly influences the bulking factor �3, 7, 14!.

Another problem associated with the use of containment areas is

that a horizontal sorting of the dredged material by particle size

results. The larger, heavier particles tend to settle near the dis-

charge line in a fan-shaped distribution, while the fine silts and

clays tend to remain in suspension longer and settle nearer the dis-

charge wier. This horizontal sorti ng appeases to be limited to an area

with a radius of 90 to 200 meters from the discharge line, depending

on particle size distribution, discharge velocity, and containment

area topography �5, 16!,

State of The Art

The previous section implies that the si zing factor which must be

employed to accurately predict the volume required for the containment

of a gi ven volume of in si tu material after dredging is a highly com-

plex function of numerous variables � only some of which are directly

related to the soil characteristics, Some of the soil related variables

include in situ density, water content, void ratio, plasticity, co-

hesiveness, compressibility, permeability, soil particle distribution,

and organic material content �4! Variables not directly related to

the soil include the method of dredging, dredge efficiency, soi 1 losses

within the dredgi ng and containment systems, water salinity, and long

range climatic conditions i n the area . In addi tion, the height of

material to be placed in a containment area is directly related to the
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Iong � term settlement of the dredged material as well as consolidation

of the underlying soi1.

The sizing factors currently in use for particular soil types seem

to vary with geographical location; these factors were mostly developed

through practical experience and field observations on the part of those

individuals and organizations involved in dredging operations. The re-

sults of an excel tent and apparently exhaustive search for the bulking

and sizing factors in current. use may be found in references 6 and 7.

These and other references as noted were used to compile the data pre-

sented in Tables I and II. The wide range of values recommended or

used for sand, or silt, or clay, by various organizations clearly

impmies that the use of a sing!e factor for all silts or all clays ha

proven unsatisfactory. The need for sizing factors related to soil

characteristics more descriptive than merely sand, clay, or si'lt is

apparent.

Previous Investi ations

Haltimore Harbor, 1961. � Pr~or to the placement of dredged material

in a baltimore Harbor contai nment area in 1962, the 8altimore District

Office of the Corps of Engineers conducted a ser~es of sedimentation

tests in transparent vertical cylinders in an attempt to predict the

containment volume required for placement of the material. It had

been decided that the rule of thumb that the enclosed area should be

two to three times the in situ volume of material was insufficiently

accurate to ensure compliance of the final elevation with contract

specifications, Transparent tubes of four inches in diameter and 6,

317



TA8LE I

Range of Si zing and Bulking Factor Ita1ues �, 6, 7!

8ul king
Factors

Soil

Type
Sizing

Factors*

'l .0-1.3Corps of Sand
 based on

! Sil t

Cl ay 1.0 -2.0

ulic Dred- Sand

Silt 1.45

2.0Clay

1.25

1.75

Sand 1,0

Sil t 1.3 -l.6

2.0Clay

0.7 -0.9 1.3Sand and Silt

acc

t1e

318

r i e ncge
rage for
«!

Japan Dredging lcl Rec'lama-
tion Engineering Associa-
tion, Tokyo  based on exper-
ience and laboratory tests!
�2,17!

Port 8 Harbor Technical
Research Institute, Tokyo
 based on laboratory tests!

Sandy Clay

Rock and Gravel

.56-1.3

.5 -1.35 1.0-2.0

1.8-2.0



TABLE II

Bulking Factors Based on Soil Types and Equation 1-b  t6, 'l7!

gu 1 k i ng i'ac Cc c.',
>d �bs/ft !�9!  Equation 1-L,

c

1.3-3.530-78

1.2-1,4

.9-1.3

65-82

93

1.893
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12, and 24 feet in height were used for the tests. These heights were

used in an attempt to simulate the plans for placement of material in

the disposal area. The full-scale tests were conducted in addition to

earlier tests in 1000 cc graduates. A slurry mix of 1300 grams per

liter was selected based on experience, and the material was placed -n

the 12- and 24-foot-high cylinders in six-foot lifts. The supernatant

liquid was drawn off after four days and a second lift of material

placed in the cylinders. On the 27th day, the supernatent liquid was

again removed and a third lift placed in the 24 foot-high tube. The

cylinders were observed for a period of 500 days. The material tested

had a void ratio of 3.413 to 6.063, a medium diameter of 0.0022 mm, ard

a specific gravity of solids from 2.70 to 2.79. The materia l was pri-

marily a fine silt. Table III presents the resul ting data from these

tests.

Tests 1 and 2 were conducted in the six � foot-high cylinders, and

tests 3 and 4 in the 12-foot cylinders. The 24-foot-tal l cylinder de-

veloped a leak during the test and the resul ts are not presented, The

conclusions of these tests were that the 12-foot cylinder tests yielded

higher bulking factors than the six-foot tests. The bu'lking factors

were accepted as reliable, but were reduced to allow for the production

of clay balls in the actual dredging operation. A final bulking factor

of 1.7 was selected; this value is slightly higher than those currently

recommended for sil t �8!,

Potomac River Harsh, 1974.� In this case of laboratory sedimenta-

tion testing specially designed cylinders were utilized. They were 7.9
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TABLE III

Bulking Factors From Full-Scale Sedimentation Tests �8!
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wG
s

100

V sat d

e� V yd �!G
s

where s = saturation  %!; e = void ratio; w = water content  %!; V

volume of the voids; Y = vo]ume of the solids; and 7 = saturated
s sat

density of the soil. The cylinders were observed for a period of one

week beyond placement of the final lift. The supernatant Iiquid was

then drawn off, the cylinders dismantled, and the sedimented soil

divided into six-inch layers. Water content, gra~n size distribution,

and soli ds specific gravi ty were obtai ned for each layer and the voi d

ratio  e! was calculated from equation �!, assuming that saturation

was 100%. The submerged unit weight of the material was calculated

from the following equation:

'w ' ' 's!
submerged unit weight = y

sub 1 + e w

This method yielded a plot of void ratio versus effective vertical

stress. Conventional floating ring consolidation tests were run on the
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inches in diameter and were constructed of plexiglass in two-foot high

sections; the sections were connected with o-ring seals. The tubes

were erected to a height of ten feet and easily dismantled after testing

to allow access to the various laye} s of sedimented soiI. A slurry of

13% solids by weight and tap water was placed in the cylinders in seven

lifts. Prior to adding a lift of material, the time differential settle-

ment curve was allowed to reach a near-linear state, and the supernatant

liquid was drawn off the soil. A new lift of material was then placed

to a total height of 9.5 f'eet. The following equations were presented:



samples and the bulking factors were calcu1ated from the equation:
V

8 = �"  same as equation 1-a!
V.

where, V = V � + e !
c s c ave. �!

and, Y,. =V, 1+e, ',6!

Another equation for determining the bulking factor was presented. This

equation can be derived from equation 1-c of the previous section for

soi1s wi th 1001 saturation.

1+e
c ave.

i ave.

e - e
cl c2settlement- cl ',8!

where e = average void ratio after the sedimentation test; e
c! c2

average void ratio after consolidation test; and H = layer thickness.

The bulking factor selected resulted in correct sizing of the contain-

ment area, and a factor of 1.58 does fall within the range of those

values currently recommended f' or silty c1ay  la!
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where e and e- are the average void ratio in the containmentc ave, 1 ave.

area, and the average void ratio in situ, respectively.

For the material tested, G = 2.68. The average in situ void ratic

was 1.70, the average void ratio for the sediment in the cylinders was

3.26, and the bu1king factor thus determined was 1.58, An equation was

also presented for determining settlement from the laboratory test re-

sults as a prediction of settlement in the containment area.



ToIedo, Ohio, 1974.� Krizek and Giger conducted a very extensive

V = B� � 0.04t! V,  9!

or V, = 0.08� - 0,04t!V,.

With the exception of containment area dry densities, no soil data were

provided in the paper, but it is theorized that the soil was fine and

pol luted material commonly associated wi th maintenance dredging opera-

tions �0!.
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study of several containment areas in the port of Toledo, Ohio from

1972 through 1974. The work included detailed topographic surveys of a

containment area prior to the placement of dredged material and after

the site was filled. Laboratory compaction tests were also performed on

undisturbed samples of dredged material from the containment area to

evaluate the merits of dewatering and compacti on efforts. The dredging

was completed by hopper dredge and the bin volumes were provided for the

study by the Corps of Engineers. The in situ volume was deterrrliried by

divi ding the bin volume by ,82, a factor commonly used by the Corps of

Engineers. The ratio of the containment area volume to the bin vo'lume

as determined by a topographic survey 1.5 years after placement of the

dredged material was .62, comparing favorable with the Corps of Engineers'

commonly employed factor of .65. The resulting bulking factor calculated

by equation 1-a was 0.8. The study further revealed combined settlemen:

and consolidation within the containment area at the rate of about 4! of

the original volume per year. It was noted that a limiting density wou'.d

be achieved after some period of time t! in excess of ten years. The

foIlowing empirical equation was developed relating in situ volume to

disposal site volume:



Si zin of Containment Areas for Dredged Material, 1977.� � Thi s tech-

V.
i

s 1+e.
1

  l0!

The basic material balance equation is:

Y = Y � + Fo!Fe Fp Fc
s C i

where Y = volume of solids retained in the containment area; Y
c

s

volume of solids in situ; Fo = overdredging factor; Fe = dredge ef-

ficiency; Fp = transport system efficiency; and Fc = containment area

efficiency.

The required containment volume  V ! is also a function of the con-
c

tainment area average voi d rati o, therefore

�2!

Substituting equations 10 and ll into 12 yields

Y,. l + Fo! Fe Fp Fc � + e !
�3!

1+e.
i
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nical report was prepared under contract to the U.S. Army Engineers ar d

presents a complete methodology for determining the required volume of

a containment area. A laboratory determination of' bulking factors

through sedimentation tests is suggested, and an empirical equation con-

sidering the in situ void ratio of dredged material as well as the ef-

ficiencies of various dredging system components is introduced. This

empirical equation involves the theory of material balance and it' de-

velopment is presented here. A determination of the volume of dredged

solids is calculated from equation 10.



Table IV presents commonly empwoyed values of Fo, Fe, Fp, and Fc. The

next step is to determine the in situ void ratio and the average void

ratio of the sedimented material. The in situ void ratio can be de-

termined from undisturbed samples in routine laboratory tests. "The

void ratio of the dredged material in a containment area represents one

of the most important parameters in the sizing method and can be de-

termined from laboratory tests or field measurements" �0!. In this

study, sedimentation tests were conducted in 20 centimeter and 30 centi-

meter diameter cylinders two meters high, using a slurry of 15'r! solids

by weight. The mater~al was placed in a single lift and allowed to

settle for about two weeks, or until settlement was less than .1 centi-

meter per day. The water content  w! was then determined for as many

layers of' the sedi ment as possible and the void ratio calculated from

equation �! assuming s = 100'i. Hulking factors were then calculated

from equation �!. I was determined to be 2.66 for alI samples with
s

the exception of one whose G was 2.70. A variety of soil samples were
s

tested in fresh and salt water, resul ting in the following conclu--

sions:

�! Soils with a low plasticity in fresh water  plasticity index   20~!

will result in a bulking factor   'l.l,

�! Soils with a high plasticity in salt water  plasticity index ! 50'!

will result in a bulking factor ! 1.3.

�! Soil void ratio increases with water salinity and p'lasticity,

�! Yarious gains and losses in materia't during the dredging process can

be expected to alter the containment volume by about + 6i �, 'IO'!.
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ge of Values

32%-78%Fo

97%-100%!

98%-100%!

95%-100%!
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TABLE IV

Range of Values for Dredge System Efficiency Factors �0!



Research Sco e and Ob ectives

It has been demonstrated by the documented research outlined in

the previous section that laboratory sedimentation tests in transparent

cylinders can successfully be utilized to predict the sedimentation

characteristics of dredged material in containment areas. There was a1-

so an indication that scale effects may be a problem in conducting such

tests. The close relationship between bulking factors and such variables

as in situ and containment area average void ratios of the soil, water

contents, grain size distributions, and Atterberg limits has been re-

vealed. This investigation represents an attempt to develop signifi-

cant graphical correlations between these variables and bulking factors

through laboratory testing of a variety of undisturbed samples of Texas

coastal fine-grained materials. The testing included sedimentation tests

of 1200 grams per liter slurries  by weight! in 1000 cc graduated cyl-

inders, as well as determi nation of sedimented material voi d ratios  p,

18, 21!. The effects of varying water sa1inity and cylinder size were

invest~gated, and the results of 43 sedimentation tests on 27 different

samples were presented, The primary objective of this research was to

correlate bulking factors with the aforementioned soil characteristics

in an attempt to develop design curves for the prediction of bulking

factors for soils similar to those tested. Since prediction of sizing

factors based on long range settlement and consolidation was beyond the

scope of the intended research, determination of bulking factors based

on the placement of a single lift of material in a cylinder was deemed

s uf fi ci ent.
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7 I. LABORATORY PROCE!3URES

The following is a step by step chronological presentation of the

laboratory tests performed on those samples listed in Table V:

l. The wax was trimmed from the undisturbed samples as each was pre-

pared for testing. The sample itself was then tritirned into a uniform

cylindrical shape through the use of a knife and a small carpenter' s

square  Fig. 1!.

2. The sample was carefully measured with a triangular metric scale,

and its volume in cubic centimeters calculated from the measurements.

This volume was later used in bu'Iking factor calculations  Fig. 2!.

3. The weight of the sample to the nearest decigram was obtained

through the use of a metric balance and its specific volume ob-

tained by dividing the volume from step 2 by this weight.

4. The sample was then chopped and mixed into a. homogeneous mass

using a knife and a glass cutting plate  Fig. 3!.

5. For those samples tested in fresh water, 13.l /oo salt water,
0

and 28.6 /oo sal t water, three 200 gram portions were taken from

the sample and placed aside in separate, covered 1000 ml beakers,

For those samples subjected to sedimentation tests only in 23.6'

0 /oo salt water, a single 200 gram portion was placed aside in a

covered 1000 ml beaker. Portions of each sample were resealed in

parrafi n and retained for Atterberg limit and sieve analysis test-

ing,

6. The in situ volume of each 200 gram sample was calculated by

multiplying its weight by the specific volume obtained in step 3.

7. The portions of each sample were then allowed to slake in their
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TABLE U

Description of Soil Samples �, 21, 30!Physical Classification and

Sample Symbo'l Consistency
Number �! �!

Depth
 ft!

Source

�! Physical Description

Gray c'lay with random calcareous
nodules

Light brown clay with random cal-
careous nodules
Gray clay
Gray sandy clay wi th random weather-
ed limestone pockets
Gray sandy clay
Gray sandy clay with random sand
seams

Dark gray clayey sand wi th random
sand pockets
Gray sandy clay
Light brownish gray sandy c]ay with
random calcareous nodules
 Same as P]692; slightly harder!
 Same as P]692; slightly softer!
Gray sandy clay with random shell
fragments
Tan sandy clay with random shell
fragments
Tan sandy clay with random sand poc-
kets and weathered limestone pocket,',
Light grayish brown sandy clay with
random calcareous nodules and sand
layers
Gray clay with random calcareous
nodules
Yellowish brown caly with random ca]-.~'
careous nodules
 Same as b]76]; slightly harder!
Dark gray clay with numerous shel]
fragments in the top four inches
Gray c]ay with random sand seams
Gray to yellowish brown clay wi th
gypsum
Yellowish brawn clay with gypsum
Yellowish brown sandy clay
Light grayish brown clay with gypsum

Light gray and brown silty clay
Very soft olive gray clay with light
brown sand seams
Soft olive gray clay

  631 CH

1636 CL

1646 CH
1650 CL

'l651 CH

1663 CH

1685 SC

]689 CH

1692 CL

1.0- 2.5 A.E

12.5-15.0 A.EVST

VST

M

15.0-22.5
27.5-30.0

A.E.
A.E.

0.0- 2.5
0.0- 2.5

A.E.
A.E.

ST 5.0- 7.5 A.E.

15.0-20.0
22.5-25.0

VS

H
A.E.
A.E.

l693 CL
1694 CL
]704 CH

25.0-27. 5
27.5-30.0
22.5-25.0

H

VST
VS

A.E,
A.E.

A.E.

1726 CH

1732 CH

1742 CL

ST 7.5-l0.0 A.E.

0.0- 2.5 A.E.

2.5- 5.0 A.E.ST

5.0- 7.5 A.ED

]5.0-]7.5 A.E.

1757 CH

1761 CH

1762 CH
1764 CH

1765 CH
]766 CH

1768 CH

VST

VST

17.5-20.0
0.0- 2.5

H

UST
A.E.

A.E.

2.5- 5.0
5.0- 7.5

VST

VST
A.E.
A.E.

A.E.
A.E.
A.E.

10.0-] 2.5
]2,5-15.0

7.0-20.0

VST

.5-25.5

25.0
H.

M.E,

14,0 M,E.

 l! Symbol: SC � sandy clay mixture; CL � inorganic clay of low to medium plasticity,
CH - inorganic clay of high plasticity; OH - organic clay of high plas-
ticity

�! Consistency: VS - very soft; S - soft; M - medium; ST - stiff; VST - very stiff;
H - hard

�! Source: A.E. - Army Engineers; H. � personal communication � J,B. Herbich;
M.E. � NcC]e]]and Engineers
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separate beakers with 500 ml of the water in which they were to

be tested. This slaking continued for a period of approximately

24 hours  Fig. 4}.

8. After slaking, a variable-speed mixer and a special four-bladed

plastic impeller-shaped blade were used to mix the soil particles

and water into a homogeneous slurry. plater was added during the

mixing process, increasing the slurry volume to about 975 ml. A

slurry density of 1200 grams per liter by weight was desired to

simulate that density typically found in dredge slurries  ]8, Ig,

23!. The impeller blade  Fig. 5! provided a strong vortex within

the beaker  Fig, 6} and served to raise the soil partic'les into

suspension  Fig. 7, 8!. By observing through the walls of the

beaker, it was easily determined that a mixing time of five to

six minutes was required to ensure all soi 1 particles were in

suspension.

9. The slurry was then poured into a 1000 mI graduated cylinder,

About 25 ml of the proper salinity water was used to rinse the

adhering soil particles from the impeller blade and beaker into

the graduated cylinder, raising the volume with~ n the cy'Iinder

to exactly 1000 ml. This procedure reduced the loss of soil

particles through the mixing process to a negligible amount.

10. The slurry was then al'Iowed to stand undisturbed  Fig. 9} while

the soil particles settled out of suspension. The level of the

interface between the suspended material and the supernatant

liquid was observed and recorded one-half hour after beginning

the test, and hourly thereafter until the rate of settlement had

decreased to 10 ml per hour or less. The Ievel of suspended
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material was recorded thereafter at 24- hour intervals from the

start of the test unti 1 the amount of settlement was undetectable

for a forty-eight hour period �, lp, 21!

When the sedimentation test for a particular sample was completed,

the supernatant liquid was drawn off and its salinity determined

through the use of the "Hydrolab ' conductivi ty meter shown in

Fig. l0, The sample and cylinder were weighed together, then

placed in an oven to dry at 140 F �4!

12. The cylinders were removed from the oven and weighed at 24-hour

intervals until two consecutive weights were the same. By com-

pensating for the wei ght of the small amount of salt water left

in the cylinder prior to placement in the oven, and dried sa1t

on top of the soil after removal from the oven, and the cylinder

weight, the dry weight of the sample and moisture content of the

sedimented material were determined. This moisture content was

later used to ca'lculate the void ratio of the sedimented material.

Applicability of the employed test procedures to field condi tions

is based on the fol'lowing assumptions:

1. The 200 gram portion selected for testing from each sample was

representative of the total sample.

2, The artificial sea water of 28,6 /oo salinity was a reasonable

approximati on of field condi ti ons .

3. The blending process employed to mix the slurry was a reasonable

aPProximation of the dredging Process �1! In most

vortex motion of the slurry within the beaker caused small portions

of the sample to roll on 0he bottom, forming clay balls of 1/16

inch to I/O inch in diameter. No attempt was made to break these



! O
C3
cT5

o D

iD
J:
wJ

4-

ICl
J3

335

cn %-
CD

Vl O
CD c

c >
0 V
I

CD

rr5
CD
E Q

CQ
5-

CD CD
C/>

~ C3
Ch C>

C>

P � I

in
<n m
CD C!

O

CW CD

CD C3
JJ

Cn

<D CIl
4-a S-
4- D
CDDK

r C
r

P

<r m
Dl
r >>

I
0 V

C'J
r- CL

Cg

� CD
P+ r
L ~~ j

iCl Ul
r CI!

CD

O CL
r-
r- 4792

 ~ X
I 'r
L



spheres down and force them into suspension. Doing so wou'ld have

resulted in larger sizing factors, and it was felt that their

formation was an indicator of reasonably accurate simulation of the

dredging process. The clay balls, shown in Fig, 11, immediately

settled to the bottom when the slurry was poured into a cylinder.

The loss of soil particles through adhesion to laboratory m~xing

apparatus was negligible.

5. The effects of compaction due to placement of successive lifts of

dredged mater~al was not simulated,

6, The effects of surface drying through mechanical dewatering and

natural evaporation were not simulated.

7. The effects of long-term settlement and sub-grade consolidation

were not simulated, nor were the projected effects of shrinkage

from these causes reflected in the plotted bulking factors,

Sal ini t variation Tes tin

Eight of the samples were used to determine the effect of water

salinity on sedimentation. For six of these samples, sedimentation

tests were conducted in fresh tap water, l3 joo salt water, and 28.6
0

0 /oo salt water. This range of salinities was deemed sufficient to

represent the range of salinities commonly found in Texas coastal

estuaries where dredging operations typically occur �1!. The results

are presented in Chapter III.

Scale

Kolessar, 1962 �8!, determined that scale effects might well be

a prob lem in sed~mentat~ on tests conducted in small cylinders� . In order

to determine the magnitude of scale effects, a slurry of 1200 grams per
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liter by weight was placed in 100 m1 and 1000 ml graduated cy'linders.

Ten liters of the slurry were also placed in a plexiglass cylinder, 10

centimeters in diameter and 2,44 meters tall  Fig, 12!. The sett1ement

rates of the solids in each of the cylinders as well as the final volume

of sedimented solids and resulting bulking factors were compared, The

results are presented in Chapter II!.

Dr in and Shrinka e

The resulting volume of material in a sedimentation test or in a

dredged material containment area contains a very large percentage of

water. Drying the material will of course reduce the moisture content

and the volume of material. However, drying of the material presents

a serious problem in dredged material containment areas and complete

drying cannot be achieved. However, drying a small sample in a labora-

tory test is easily accomplished. The results can provide data for

calculating the saturated void ratio of the material, and provide, at

least, the extreme potential for consolidation of the soil through

drying alone �9!. This potential was investigated for 21 soi1 samples

by completely drying them in an oven at 140 F, The data were used to

calculate saturated void rat~os and sizing factors of the sedimented

materials. The calculation of these quantities is discussed in the

final two sections of this chapter, and the results are presented in

Chapter III.

Void Ratio Calculations

In calculating the in si tu void ratio  e .! equation 2 was employee,

It was assumed that, the soil was saturated in situ, and the specific

gravity of the solids  G ! was assumed to be 2.68  9, 12, 13, 17, 18'l.
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The in situ void ratio was also calculated by the following equa-
tion �}:

W Ydvoid ratio = e- Yw � w Yd

where Y = specific weight of water. Thus, knowledge of the in situ water

content and dry specific weight of the soil permits ca'lculation of the

void ratio,

The void ratio in the containment area  cylinder} was also carcula-

ted using equation 2, The saturated water content of the sedimented

material was determined by weigh~ng the soil prior to and after drving,

The specific gravity of the solids was agai n assumed to be 2,68, and

saturation was assumed to be 100K. Thus, the average void ratio of the

sedimented material in the graduated cyli nder was obtained for each of

21 samples. These values are presented in Table UI of Chapter III.

Bulkin Factor Calculations

Bulking factors were initially calculated from equation 1-a; know-

ledge of the in situ volumes as determined in step 6 of the laboratory

procedures, and the final sedimented volumes in the graduated cylinders

permitted this simple calculation. Bulking factors were also calculated

by equation 7 usi ng the i n si tu and sedi mented average void ratios .

Table VII in Chapter III presents a tabular comparison of bulking factors

from various sources for those soil samples tested. Those factors as

calculated by equation 1-a were used i n the data plots presented in

Chapter III.
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III, EXPERIMENTAL RESULTS

A total of 27 different soil samples were tested in this program, and

43 sedimentation tests were performed. The samples were obtained fron tnree

sources: a! the Corps of Engineers soils laboratory at Gal veston, Texas,

b! McClelland Engineers, Geotechnical Consultants, Houston, Texas, and

c! reference samples in the Texas AKIM University Geotechnica I Laboratory.

Soil types were selected to be representative of Recent and Pleistocene Gul f

Coast soil s which are likely to be dredged in new dredging projects.

Material typical of maintenance dredging was not included. Physical

properties are presented in Table VI. For the most part, the samples

were sandy and silty clays classed as CH  high plasticity clays! and CL

 low plasticity clays! according to the Unified Soil Classification System.

A few organic clays  OH! and one SC  sandy clay! were included. ' iquid

limits ranged from 28 to 80, with plasticity indices from 12 to 57. Sand

content ranged from 0 to 48 , and thus the combined silt and clay con:ent

ranged from 52 to 100/.

The results of the sedimentation tests are generally expressed in terms

of bulking factor ver sus time where bulking factor i s defined earlier by

Eq. 1. In viewing the test results, it is important to understand the

phenomenon involved. Sands, silts and even coarse clay particles will

settle out of an aqueous suspension by gravity according to Stokes' Law.

However, the smaller clay particles begin to approach the size of individual

water molecules, and when bombarded by the water molecules, they iiove

randomly in response to the momentary hydrostatic pressure difference over

their surface. As a result of this movement, termed Brownian movement,

these small particles tend to stay in suspension almost indefinitely. If
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TABLE VI

Properties of Soil Samples �, 7, 21, 30!Physical
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107.48

99.03
100.82

97.50

112.74

113.20

103.20
123.42

95.50

92.84
91.34

117.44

0 829. '
'I 8.

37.

20.
50.

33 ' ,

92.

76.

91.

86.

+ i0.755
+ .482

142.6 1.030

79.5 .536
232.6I1.330

28,5
37.8

43.0
36.5

26.3

55.0

24.7
11.8
ZZ.O
49.5

0 124
0 , '9

8.' ,34
0 ''l4

0,32

0;50
4.,28

203.8t .880
50.
68.

35. i + .938
65 i 1844 I 1865

+

19, 78.1 . 515
17.' 88.51 .455

0 0 0
1,

46
47
48

16

54

53

52.
83

78.

60.

66.
94.

4.I18
0 40

57.0,110.42
51.01 93.76
44.5I108.16'

* i 92.65
37.8I 96.92
40 0' 94 85

32.
5.

10.

10.
8.,'

16,,

13.i
0

16,,
5. ,'

14, '
l4.
2,'

90

60.0 110.18

49.5 109.80

48,2 104.18
40.0 99.78

92.
84.

86.

100

84,

95.
86.

86.

29.0 97.18

43.3 99.78

22.8 99.70
54.0'103.03

50.01,115.24

or insufficient data" Insufficient sample to permit analys i s.

** Gravel-diameter 2mm, retained on No. 8 sieve; sand - 2 mm ! diameter
>.05 mm, retained on the No. 200 sieve; fines � diameter   .05 mm,

passes the No. 200 sieve.

+ Tes ts not performed
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1631

1636

1646

1650
1651

1663

1685
1689

1692
1693

1694

1704
1726

1732
1742
1757

1761
1762
1764

1765
1766
1768

1769
1771
B-38

B-l
B-B

1.458

1.394

1.218
1.137

1.394
1.025

1.794
1.794

1.187

.977
1.217

1.602
1.516

1.826

1.698
1.714
1.346

1.330

1.362
1.554

1.682
1.634

. 909

.781

264.0
47, 173.1
28. 98.9
18. 94.5
17. +

22. 122,3
22.1 +
39.i129.8
37.1165.9
38. I73.3
28, 89.2

20.1120.8
24. 148.1

* 162.1
70. 139.6
55. 264.4

1. 790
1,295

.780

.430

.453

.590

.597
1.070

.980 I

1.045
0.760

.525

.640

l.750
.750

3.82

2.13

6.23

5.46
+

4,94

2.09

2,37
7.07
4,64

2.65
2.53

3.28
+

3.48

4.45

4.64
2.39

3.23
3.97

4.35
3.74

7.08

'I2.0

26.7

27.0
26.3

19.2
24,0

16.3
16.2

14.0

25.5
22.0

15.0
16. 9

20.0
14.0
24,0

29.9
27.3
21.5

18.0
22.1

17.2

38.0

35.0

40.5

64.5

70.0
62.8

45.5

79.0

41.0
28.0
36.0

75.0

79.0

66,0
61.4

57.8

54.0
84.0

79.4
75.5

61.5

47,0
65.4

40.0

92.0
85.0

320.

239.
297.

2l0.
393.

380.

287.

330.

293.
212.
252.

426.
329.
250.

241.
255.
274.

329.
29l.

321,

341.

311.
290.

327.

338.
267,

410.



the suspension is concentrated, it is inevitable that collisions between

particles will occur. Depending on the characteristics of the suspension,

the particles may repel each other, or they may be attracted together.

Since clay particles have a negative charge which is manifested on their

surface, one would ordinarily expect the particles to repel each other.

Water molecules, which are bipolar, are attracted to these negatively

charged surfaces to build up an "adsorbed" water layer around the clay

particles. This layer or film of water will also contain positively

charged ions which may be available in the pore water, with the net result

that there is a positively charged layer adjacent to, and somewhat counter-

acting, the negatively charged clay surface. This will greatly reduce the

repulsive forces between tjie clay particles. This effect is even more

pronounced if the predominant ion in the adsorbed water film and the

predominant ion in the free water are the same.

The reduction af the repulsive forces between the particles will allow

the small attractive forces which also exist between particles to predominate..

Thus, as the random movement of the particles brings them into contact, they

will join together to form groups of particles, or floccules. These will

then have enough mass to settle under gravity.

Influence of ltlater ~Sal lnlt on ~Hulk/n Fac-.ors

ihe conditions for flocculation, as oescribed above, are ~deal in a

salt water environment with its high concentration of sodium ions, and the

degree of flocculation should affect the bulking factor. Thus, one of tl-e

firSt experimentS performed was tO examine the effects of water salinity arl

the bulking factor. Eight marine sediment samples were selected for this

experiment � six from Corpus Christi Say and two from offshore Gulf of sexi o,

The samples were mixed with fresh water and with salt water of 13.ll and 28.6
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'i salinity and allowed to settle. As expected, the soils in the fresh water

tended to remain in suspension while flocculation and relatively rapid

sedimentation occurred in the salt water suspensions.

Fig. 13 shows an extreme example of the effect of salinity. The

upper curve, for the fresh water suspension, had a continual and gradual

decrease of bulking factor to a value of 7.44 after 768 hours when the test

was terminated owing to time constraints. The two salinities of 13.1 ~ and

28.6 .' nad nearly identical curves and nearly identical bulking factors

of 2.81 �3.1',".! and 2,75 �8.6l.'!. Also, both reached a constant value of

bulking factor in a very short period of time. Similar results were obtained

with other samples, although in some of the soils the fresh water bulking

factor was much closer to the bulking factors obtained in the saline suspen-

sions  Fig. b, for example!, Also, the slope of the bulking factor versus

time curve for some of the fresh water samples indicates that the bulking

factor may eventually approach that of the saline suspensions. This does not

appear to be a function of soil type, and it is possible that this was a

function of the original salinity of the pore water in the sample.

The results are summarized in Table LtIl, which shows the final bulking

factors and test time. These results show that a high degree of flocculation

can be expected at sali ni ties as low as 1 3. 1;., and since there was little chan ~e

between 13.li.' and 28.6i., it appears that even lower salinities will still cau. e

flocculation. Of course, salinities much higher than 13,1/ are normally found

in Texas bays and estuaries, and thus rapid flocculation should be expected

in these areas during dredging operations.

Since bulking factors are a function of water salinity, it is obvious

that any attempts at predicting bulking factors for a particular site should

include testing in water of the same salinity as at the site.
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TABLE V!I

Bulking Factors as a Function of Water Salinity

Bu1 ki ng Fac tor/Ti me
Sal t Wa ter

28.6 /oo

Sa 1 t Wa ter

13,1 /oo

2.98/168 hours

2.41/168 hours

2.89/168 hour

2.44/168 hour

2.83/264 hours

3.01/240 hours

OU

ours *

ours " 2.78/240 hours

3.07/240 hoursours

2.81/168 hours 2.75/168 hours

3. 50/240 hours 3.47/216 hours

2.83/384 hours 2.59/576 hours

3.30/576 hours 3.56/552 hours

ours

hours *

sted!

sted!

* Tests were termi nated prior to achieving settlement rates of less
than 1 ml per 48- hour period due to apparent linear settlement rates
and time constraints.

Soil Classification: CH � ~norgan~c clay of high plasticity; CL�
inorganic clay of low to medium plasticity; OH � organic clay of hicn
plasticity; SC � sandy clay mixture
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One factor which these laboratory tests do not cons~der is the influ-

ence of turbulence on the bulking factor since the tests are obviously

performed in quiet water. Turbulence acts to bring the small particles irlt»

contact more rapidly so they can floe and to bring floes together to form

larger floes. Although some turbulence enhances flocculation and settlement

rates, a high degree of turbulence will break up the floes and cause dispersion.

lnf'luence of Time of Settlement on ~8ul kin Factors

Eighteen additional samples were tested to examine the relationship

between time and bulking factors. These tests were continued until vir'

tually no change in bulking factor occurred over a 48-hour period. Figs.

15-17 show typical results. The tests showed that bulking factor was a

nearly linear function of time beyond 200 hours tor all samples tested, but

most samples reached this point much quicker. The final bulking factor'

and the time to attain these bulking factors are shown in Table VIII. he

bulking factors of these samples all tested at ranges from a low of' 2.15

to a high of 3.81, and the times required to reach these bulking factors

ranged from 120 to 455 hours.

Scale Effects

The possibility that the size of the laboratory equipment inflluenced

the results was examined on one sample. This sample was tested in three

cylinders - 0.1, 1.0 and 10 liters in size. Kolessar �8!, in the pioneering

work on this method, used cylinders which varied in height from 6-l2 feet,

but in our study, both height and diameter were varied.

As shown in Fig. 18, the sediment initially settled fastest in the

100 ml and slowest in the 10 liter cylinders, but after approximately 96

hours the situation reversed, and the greatest settlement occurred in the
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TABLE V[J$

Bu1ki ng Factors as a Function of Time

Time++

 hours',
Bulking Factors

So i 1 Type+   V / V, !
c 1

Sample Number

2402.94

2.15

3,48

3,36

2.67

2. 28

2.76

3.63

1646 Ck

CL

CM

144

432

312

1650

1651

1663

1689 Ck 240

240

288

1693 CL

1694 CL

1704 455

1726

1732

1742

1761

1764

1765

1766

1768

1769

1771

8-38*

8-38*"

8 38%**

"* Test conducted in 1000 m1 cylinder; cylinder diameter
= 60.5 mm

*"* Test conducted in I00 ml cylinder; cylinder diameter
= 27.0 mm

350

+ Soil Classification: Ck - inorganic clay of high
plasticity; CL - inorganic clay of low to medium
plasticity

++ Time based on settlement rate of 1 ml or less per 48
hour period

* Test conducted in 10 liter cylinder; cylinder diameter
= 100 mm
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10 liter cylinder. Although Fig. 'l8 shows data only to 240 hours of

settling time, the tests were actually continued until the bulking factor

became constant with time; the final bulking factors are shown in Table VIII.

The smal lest bulking factor of 3.02 occurred in the 10 'jiter cyw inder, with

bulking factors of 3.81 occurring in the 100 ml and 3.39 in the 1000 ml

cylinders.

Thus, there is an indication from this sparse data that the height/

diameter ratio influences the laboratory determined bulking factor and

substantiates earlier conclusions by Kolessar �8!.

An interesting facet of this examination was the establishment of

drainage paths in the samples approximately 48 hours after the test started

 Fig, 19!. The strongest paths were observed at the walls of the containers.

although the phenomenon occurred throughout the sample. Fine soil particles

were physically carried to the surface by the water flow in the drainage paths,

and these were deposited on the surface in the form of mud volcanoes, lhese

mud volcanoes have been observed on a much larger scale by Coleman �976! In

areas of rapi d deposition off the mouth of the mississippi River on side

scan sonar and high resolution profile records, They usually occur as fie~ds

of mud volcanoes. Apparently, these represent weak spots in the sedimen: where

the excess pore water pressure can vent to the surface. This rapid ventinq

of the pore water will undoubtedly enhance consolidation. If this also

occurs in dredged material, then it seems very unlikely that simple one-dimen-

sional conso1 idation theory can be used to calculate subsequent settlement of

dredged spoil. The enhanced drainage will certainly have an effect on tne

bulking factor and/or sizing index.
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Figure 19 - Photograph showing Drainage paths
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The data were a'Iso examined to determine the relationship between the

physical properties of the soil and the bulking factor. The eff'ect of the
fines  silt and clay content! is shown in Fig. 20. hlhile there is con-

siderable scatter, a relationship does seem to exist. A linear regress~on

equation was developed which resulted in;

Bulking Factor = 1.897 + 0.013  ",l fines!

The correlation coefficient was quite low  r = 0.25!, due in part to the2

flatness of the line, but the average error in using this equation is on1 y

about ill!, well within any state-of-the-art predictions of sizing factor.

The plasticity of the soil could be expected to influence the bulking

factor and this was examined in the same fashion as for the percent fines.

Fig. 21 shows the relationship between the liquid limit  LL! and bulking

factor. Again, using linear regression, the folIowing equation was

obtained:

Bulking Factor = 0.005  LL! + 2.66

The correlation coefficient  r ! for this equation was only 0.05.2

A simiIar attempt was made to relate the plasticity index  PI! to th~

bulking factor. A plot of the data is shown in Fig. 22. The following

equation was obtained from linear regression:

Bulking Factor = 0.0043  PI! + 2.80

A correlation coefficient of 0.03 was obtained for this relationship.
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The Liquidity Index, which is defined as:

natural water content - lastic limit
p 1 as ti c i ty index

is a measure of the in situ water content with respect to the Atterberg

limits. It has been found that liquidity index often correlates well with

other geotechnical properties of soils, but a plot of bulking factor versus

liquidity index  Fig. 23! indicated only a weak relationship between the two.

In this case, the liquidity indices were calculated using the natural water

content of the core samples before they were broken down for the test. The

rel a ti ons hi p found was:

Bulking Factor = 0.31  LI! + 2.S7

with a correlation coefficient of 0.03.

Previous research by Lacasse �, 10! and Skempton �5! substantiates

the thought that bulking factor increases as the Atterberg limits increase,

but the results of this investigation can only be described as barely sup-

portive of this.
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Conclusions

A procedure has been described, and test results presented, for the

determination of the bulking factor. It is important to distinguish betweeri

the bulking factor and the sizing index, The latter will include long-term

settlement, consolidation, dredging efficiency, and other factors whicn are

also needed to size a dredge spoil containment area. Based on the test

precedure and resu'Its, the following conclusions are warranted:

a, Salinity has a definite effect on the bulking factor. A

threshold salinity below which flocculation will not occur

was not determined from these tests; however, it seems apparent

that in performing bulking factor tests, water of the same

salinity as expected in situ should be utilized.

b. The bulking factors obtained by this method appear to be a

function of cylinder geometry, but the relationships are not

yet developed. Possibly the amount of drainage along the

wails of the cylinder is an important geometrical effect.

c. The bulking factors determined were larger than usually

experienced. Placement of a large single lift of material

rather than smaller multiple lifts may have contributed to the

large bulking factors.

d. The bulking factors increased as the fines content  silt and

clay! increased.

e. The bulking factors seemed to generally increase as the

Atterberg limits increased. The relationship found between

Atterberg limits and bulking factor was, however, very weak.
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APPENDIX A. List of Symbols

The following symbols are used in this paper:

8 or HF = bulking factor;

e
c

e.
1

Fc

Fe

Fo

Fp

G

LI

LL

PL

V

V.
1

V

V�

W

363

cylinder inside diameter;

soil void ratio;

soi I void ratio in test cylinder;

soil void ratio in situ;

containment area efficiency factor;

dredge system efficiency factor;

overdredging factor;

dredge transport system efficiency factor;

speci f i c gra vi ty o f so 1 i ds;

thickness of sediment layer;

initial height of slurry mix when placed in test cylinder;

liquidity index;

liquid limit;

plasticity index;

pl as ti c 1 imi t;

sizing factor;

percent saturation;

time;

soil volume in containment area  cylinder!;

soil volume in situ;

volume of solids;

volume of voids;

percent water content of soil in situ;



percent water content of soi1 in containment area I',cylinder!;

dry specific weight. of soi1;

saturated specific weight of soil;

submerged specific weight of soi1;

specific weight of water;

W

sat

3oh

i and c are used as subscripts throughout the paper to indicate in situ

and con ta i nment area/cy1 i nder quan ti ti es, re spec ti ve Iy.



APPENDIX B.� Gl ossary

Bin Volume � the volume of material held in the bin of a hopper dredge
during dredging operations.

Bulking Factor � a dimensionless factor expressed by the ratio of the
volume of soil in a containment, area soon after dredging to that
volume of the soi I in situ; such variables as dredge system ef-
ficiency, long-term settlement and consolidation, drying, and
shrinkage are not included in the factor.

Containment Area Efficiency Factor � a dimensionless factor expressed
by the ratio of the weight of solids retained in a containment area
to the weight of solids initially placed in the containment area
through dredging operations. The factor is dependent upon losses
of solids over the discharge wier and losses through over-topping
of the levees �7!.

Dredge System Efficiency Factor � the ra tio of the weight of so'1ids
taken inta the dredge system to that weight of solids removed from
in situ. The factor depends on the type of dredge, rate of advance,
type of material, and tidal velocities �7!.

Flocculation � the process by which soil particles suspended in salt
water aggregate and settle out of suspension, This phenomenon is
the result of positively charged sa'It ions changing the surface
charge of' some of the soil particles from negative to positive.
These positively charged particles then aggregate with soil particles
retaining negative surface charges, forming soil clusters which rapio-
ly settle out of suspension �!.

Hopper Dredge � a dredge which raises soil particles through use nf a
dredge pump, and retains the material in hoppers or bins onboard the
dredging vessel for eventual discharge at a disposal site  8!.

Multiple Lift � the process through which a slurry of predetermined
density is placed in a cylinder and allowed to settle. The super-
natant liquid is then drawn off and another "lift" of the same
densi ty slurry placed on top of the settled material. The process
can be repeated, resulting i n consolidation of that soil initially
placed through the application of pressure caused by the overlying
materi al .

Overdredging Factor � the percentage of material removed in a dredging
operation which exceeds the amount prescribed by contract specifica-
tions, and for which no payment is made. The factor is dependent
upon material properties, dredge operator experience, side slope
stability, and other local conditions �7!.

Single Lift � the process through which a slurry of predetermined
density is placed in a cylinder and allowed to settle. No further
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material is added, and the calculation of sett1ed volume is based
only on the single placement of material.

Sizing Factor � a dimensionless factor expressed by the ratio of the
volume of a given soil in a containment area to that volume of the
soiI in situ. The vowume in the containment area is based on the
inc'Iusion of such variables as long-term settlement and consol ida-
tion, dredge system efficiency, drying and shrinkage, and losses of
soil from the containment area �7!.

Supernatant Liquid � the relatively clear 1iquid which remains above
the soi'I-water interface after settlement of the soil particles
from a soil-water slurry.

Transport Efficiency Factor � the dimensionless factor expressed by
the weight of solids leaving a dredged material transport system
 pipeline! divided by the weight of solids entering the system.
7he factor is dependent upon soil properties and losses through
leaks in the system.
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HABITAT DEVELOPMENT ALTERNATIVES

TO DREDGED MATERIAL DISPOSAL: A REVIEW

by Hanley K. Smith

ABSTRACT

This paper presents a review of research conducted under the Habitat

Development Project  HDP! of the Dredged Material Research Program  DMRI:",.

The DMRP was a five-year, multidisciplinary program, conducted by the U.'

Army Corps of Engineers Waterways Experiment Station. One aspect of that

program, the HDP, evaluated the feasibility of using dredged material a

substrate for the development of productive biological communities, and

determined the environmental impact of dredged material disposal on wet-

lands. These studies demonstrated that four basic habitat types are

particularly suited for development on dredged material: marsh, island;.

upIand, and aquatic. Of these four alternatives, marsh, island, and up-

land habitat development are considered feasible and have been demonstrated

successfully at several sites. Aquatic habitat development, although

promising, has not yet been fully tested.

l U.S. Army Engineer Waterways Experiment Station, Vicksburg, Mississippi
39180
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WEIR DESIGN FOR DRFDGINGS CONTAINMENT AREAS

by

D. K. Atmatzidis, G. M, Karadi, and B. J. Gall higher1 2, 3

ABSTRACT

The vast majority of dredged material. containment areas are equipped

with some kind of sluicing device through which supernatants are discharged.

The sedimentation regime that exists in a containment area has a signifj cant

effect on the amount of suspended solids in the discharged supernatants.

Thus, any type of discharge device or structure should serve the dual pur-

pose of  a! controlling flow and  b! improving, or at least maintaining,

the settling effectiveness of the area and the quality of the discharged

supernatants. However, the design of containment area overflow weirs is

highly empirical, and pertinent guidelines are virtually non-existent,

Adequate weir design for a dredgings disposal area necessitates the

selection of the type and location of the weir and the computation of the

minimum allowable ponding depth of water in the vicinity of the weir, the

length of the crest, and the head of water over the weir, Through a < om-

prehensive literature review, available design formulations and method-

ologies were identified, which are directly applicable to conditions pre-

vai.ling in containment areas. Based on these formulations and method:, a

simple set of recommendations and guidelines was developed which can be used

with confidence for the design of weirs as components of dredged materia 

containment areas.

Assistant Professor of Civil Engineering, The Technological Institute,
Northwestern University, Evanston, Illinois, 60201

Professor of Civil Engineering, University of Wisconsin, Milwaukee,
Wisconsin, 53209

s President, Brian J. Gallagher Company, Elm Grove, Wisconsin, 53223
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CURRENT PRACTICE

Ten Corps of Engineers Districts, with active dredgings disposal. op-

erations were visited, and discussions were held with appropriate person-

nel on the problems and needs of present and future disposal operations

 Gallagher et al ., 1978!. The information obtained on current practices

for the design of outlet structures  weirs! is summarized in Table l. A

large variety of weirs are presently in operation. including standard Axmco

type weirs, usually 6-foot wide, rectangular drop inlet structures of

various sizes, and large polygonal weirs, Flashboards are fxequentlv usr d

to control or establish a crest elevation, and a specified maximum head of

water over the weir is used as control parameter for the design and op-

eration of weirs by two Districts.

Neirs are mainly designed as flow discharge  control! structures, and

no consideration is givers to their effect on the settling and solids re-

tention effectiveness of the disposal area. Heirs are frequently located

as close to the receiving water body as possible. Since economic consider-

ations dictate the utilization of the shortest possible inflow pipe, both

the inlet and outlet points of many disposal areas are Located on the sids

of the area closest to the free water body  river, lake, or sea!. 1'ader

such conditions, flow concentrations and short circuiting occur, and the

surface area of the set:tling basin is not utili.zed effectively.

The ponding depth of water in containment areas in the vicinity of a

weir is often kept at a minimum in order to reduce the load orr containment.

dikes, which are not designed properly as earth and water rr taining stxuc-

tures. This practice, however, can cause scour and resuspension of bottom

sediments, wh' ch may have a d trimental effect on the quality of t.re ef-

fluents.
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Table 1

Weirs in Dredgings Containment Areas

Weir DescriptionDistrict

Large, 16 feet by 20 feet, steel polygonal weits
perpendicular to the dikes are now used to replace
old, wooden, box weirs.

Philadelphia

Rectangular steel "boxes" 8 feet long and 4 ft wide
with removable f] ashboards; located in dikes

Mobile

Large drop inlet box structures located about 30
feet from the dike inside the disposal area.

Galveston

Large variety; from small, Armco-type, f ashboard
weirs to large steel frame weirs; 3 inches maximum
head over weir crest.

Portland

Large varie ty; from small box stzuc ture s to ve.ry
large square drop inlets located inside the di,�
posal area; 4 inches maximum head over weir crest.

Seattle

Prefabricated steel weirs, crest length 14 feet: to
28 feet; some large E-shaped weirs with very long
crest  about 300 feet!.

Norfolk

Three � sided, concrete wall weirs with a total crest
length of 12 feet.

Baltimore

Standard 6-foot wide Armco-type weirs arranged in

pairs .
Charleston

Standard 6 � foot wide weirs with two sets of 3 � foot

wide flashboards, more than one per disposal area
Savannah

Vi cksbur g
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WEIR PARAHETERS AND SETTLING EFFECTIVENESS

In developing guidelines for the design of weirs, the qualitative and

quantitative relationships between weir parameters and factors controlling

settling effectiveness must be considered. In general, the ideal settling

conditions in a sedimentation basin are hampered by a number of factors

which include  a! the physical and chemical characteristics of the suspen-

sion,  b! short circuiting,  c! resuspension of sediment, and  d! non-

uniform deposition of sediment. With the exception of the first factor, alL

others are influenced to a variable extent by the outlet structure  over-

flow weir!.

The effect of short circuiting becomes increasingly dominant as the

inlet velocities increase; under such conditions density currents occur,

the material mixes within the pond, and concentration of flow develops. Ex-

periments performed on settling tanks of various shapes  Narske and Hoyle,

1973! indicate a close relationship between tank shape and settling effec-

tiveness. If the outlet weir is contracted, the flow approaching the weir

will concentrate, and depending on the degree of co~traction  type and

physical dimensions of weir!, dead zones of considerable extent will develop;

this situation will, in turn, increase short-circuiting and decrease settling

effectiveness. Location of the outlet weir with respect to the inlet struc-

ture has an even more significant impact on short-circuiting, as well as

settling effectiveness, and constitutes an important design criterion.

Resuspension of sediment is a major factor resulting in reduced settling

effectiveness. Presently available approaches to determine the conditions

favorable for resuspension are not conducive to the development of quanti.-

tative criteria  Gallagher et al., 1978!. However, qualitative analyses in-

dicate that areas of flow concentration will result in bottom scouring  i,e.~
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resuspension of sediment!. Since the outlet structures used in dredged

material disposal sites are usually contracted weirs, flow concentration

of varying degree should be expected. Unless flow concentration is held

to a practical minimum, resuspension of sediment by flow approaching the

weir will occur, with an undesirable deterioration in effluent quality.

similar situation arises if extensive short-circuiting develops  this i s

strongly influenced by the physical size and location of the outlet

weir!.

The size and location of a weir have an indirect influence on the ,ini�

formity of sediment deposition. Insufficient weir size and/or improper wei-

location give rise to short-circuiting and flow channelization and, as a

result, to undesirable non-uniform sediment deposition.

WEIR LOCATION

Since dredgings containment areas operate as crude settling basins,

their effectiveness is directly influenced by the prevailing flow pattern.

AccordingIy, the proper design of a disposal area requires, among other tt ii~ s,

a knowledge of the flow pattern between inflow and outflow points. Proper

location of the overflow weir or weirs with respect to the inflow pipe :.an

reduce short-circuiting of the flow and increase the effective surface area

of the settling basin. A hydrodynamical model was developed  Gallagher et

aI,,1978! to predict the flow field and retention. time in a sedimentation

basin and was applied to the study of hydraul,ic efficiency of dredgings

containment areas. Pertinent conclusions, obtained from this study, are

presented and discussed herein.

Confined disposal frequently takes place with both the inflow pipe anc

the outflow weir located on the same side of the disposal area. Such a con-

figuration and the associated flow pattern are shown in Figure Ia. It can
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Figure L. Flow Patterns for Containment Areas with Dif ferenr
Configurations.
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be observed that the density of streamlines is higher near the side of thr.

area where the inlet and outlet are located. At the opposite side, and es-

pecially near the corners, waters are nearly stagnant; consequently, the

effective surface area of the basin is substantially reduced with respect

to ideal plug flow. These adverse effects are even more pronounced wherr

both inlet and outlet points are located on one of the shorter sides of the

area. Consideration has recently been given to the use of spur dikes to im-

prove hydraulic conditions in a disposal area. For a single spur dike

 Figure lb! it has been determined that  a! shortcircuiting is generall;

reduced,  b! there is no noticeable improvement in the active surface area,

and  c! location of a spur dike close to the overflow weir has an adverse

effect on the solids removal efficiency of the basin because the conditions

for sediment resuspension in the vicinity of the weir are enhanced. Mul�

tiple spur dikes can serve to increase retention time and minimize shorc�

circuiting.

Location of the inlet and outlet on the opposite, shorter sides of the

disposal area  Figure lc! unavoidably results in some short-circuiting of

the flow and reduction of the effective surface area of the basin. Varia-

tion of the weir length has some effect on the flow pattern, but this is

pronounced only in the vicinity of the weir. This effect would be si.g-

nificant for areas with a high width-to-length ratio. The disadvantages of

short weir lengths are that  a! inactive surface area develops at the cor-

ners of the basin on the side of the weir and  b! flow velocities in the

vicinity of the weir are high, and this may give rise to resuspension of bot-

tom sediments. The effect of multiple weirs on the flow pattern is not

significantly stronger than the effect of a single weir of the same total

crest length. Multiple weirs wo~ld be preferable in the case of areas with

high width-to-length ratios.
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Figure 2. Withdrawal Zone and Fluid Density Profile

An extensive literature review  Gallagher et al,, 1978! indicates that

the withdrawal zone characteristics under the conditions and assumptions

stated above can best be described by the following relationship  Bohan and

Grace, 1973!:

w

where V is the average velocity over the weir  in f t/sec!, Z is the vertical

distance from the elevation of the weir crest to the lower limit of the

zone of withdrawal  in ft!, H is the head on the weir for free flow  in f t!,

is the density dif ference of the fluid between the elevations of the

3
weir crest and the lower limit of the zone of withdrawal  in g/cm !, p isw

3
the density of the fluid at the elevation of the weir crest  in g/cm !, -.nd

2g is the acceleration of gravity  in f t/sec ! . The head over the weir.
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POPDIHG DEPTH

Scour and resuspension of bottom sediments have a detrimental effect

on the performance of any sedimentation basin and on the quality of the

effluents. In the vicinity of a weir, flow usually contracts considerably~

and approach velocit:ies increase to levels much higher than those existing

in the xest of the flow domain, Since the possibility of bottom sediment

resuspension is enhanced in the vicinity of a disposal area weir, a

sufficient ponding depth should be maintained to avoid resuspension,

However, no simple methodology is presently available which can be applied

to determine the safe ponding depth in the vicinity of a disposal ar=a

weix.

To prevent resuspension of bottom sediments and achieve effluent

quality control in dredgings containment areas, selective withdrawaL

principles may be applied and available formulations may be adapted to

fit the condi.tions of withdrawal over a weir. Furthexmore, since the

density variation in the vertical direction is unknown, a simplifying

assumption can be introduced. The fluid is assumed to consist of two

layers, the upper layer being acceptable for dischaxge while the lower

layer is not; the boundary between these layers can be defined as the

level where the fluid density increases  due primarily to suspended solids

to levels higher than those dictated by the acceptable effluent quaLity

standards. Alternatively, this boundary can be considered as the level

below which the flow velocities are minimal, if not zero, so that scouring

or resuspension of bottom deposits due to turbulent eddies does not

occur. Shown schematically in Figure 2 are the widthdrawal zone anc,

flow characteristics in the vicinity of a free-flow, sharp-crested,

rectangular weir.
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should be measured at a sufficient distance upstream from the weir crest

to assure that the measurement is beyond the zone of appreciable surface

curvature  drawdown!. For an outlet weir, however, it is more practical

to measure the water depth above the weir crest  i.e., in the zone of

surface curvature! . Hence, the measured depth is smaller than the value

of the head to be substituted in Equation 1; for the practical range of

values for H, this effect is in. significant. According to the original

studies by Rehbock �929!, which were subsequently supported by several

investigators, the relationship between the head, H, and the depth of

water over the weir, h, is

H = 1.18 h �!

377

and the measured value of h has to be adjusted to obtain H,

To obtain an understanding of the relations between the parameters

involved in Equation I, the case where the density difference decreases by

an order of magnitude can be considered. Since the velocity and head

over the weir are interrelated parameters, the depth of the withdrawal

zone would increase by a factor of about two for constant velocity «nd

head values, and this could result in a change in the effluent quality.

Although the density difference enters Equation I as a square root and it.;

variations do not cause equal-magnitude variations of other parameters, it

becomes apparent from the above simple presentation that the density pro-

file and its variations should be well known for successful application

of Equation l.

To apply the principle of selective withdrawal to dredged material

disposal areas, the density profile of the waters in the vicinity of the

weir should be known, However, specific density information is usually not



available and values can only be approximated from available data and

experience. The density of predominantly fine-grained dredged mat erial in.

3 3disposal areas is reported to range from about 1.40 g/cm to 1.65 g/cm

 Krizek and Salem, 1974; Lacasse, 1977! . Krizek, Roderick, and Jin �974 !
3report densities of about 1,20 g/cm for freshly deposited dredged material

during laboratory quiescent settling tests; these tests were conducted on

samples of dredged bottom sediments which were not fractionated to separate

the clay and silt portion from the coarser material. However, waters

approaching a weir carry only the finer portion of the dredged mater' al

slurry, and this material would be expected to have an even lower densi ty

when freshly deposited. Over such a freshly deposited layer in a sedimenta-

tion basin, there exists another layer where grains are still set tIing from

suspension, but the density  or the concentration of suspended solid",! of

this layer would be higher than the average density of the overlying water.

The removal ef ficiency of disposal areas acting as sedimentation basins

ranges from very poor to excellent, but values lower than 90 percent should

be seldom encountered when sites are properly designed and managed.

Considering that the concentration. of suspended solids in the influent

slurry does not exceed 25 percent by weight, then the amount of suspended

solids in the waters approaching a weir should not exceed 2.5 percent by
3weight  about 25 g/I or a density of 1.016 g/cm ! and would of ten be much

lower, Recent samples collected 3 to 5 feet below water surface near the

weir of an active disposal site indicated densities ranging from about

1.005 to 1.05 g/cm  Gallagher et al., 1978!,3

According to the limited information presented above, the density pro-

file shown in Figure 3 appears to be characteristic of an average disposal

site. On the basis of this density profile, seI.ective withdrawal principles
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Water Layer of Variable
Solids Concentration

P = 1.00 to 1.02 g/cm
3

Water Layer of High
Solids Concentration

P = 1.02 to 1.10 g/cm

P = 1.10 to 1.20 g/cmFresh Sediments

p = 1.20 to 1. 65 g/cm
3

Old Sediments

Figure 3. Typical Density Profile in the Vicinity of a Weir

and Figure 4 has been prepared to aid in applying this procedure:

a. Determine the flow velocity, V, and head, h, over the weir accord-

ing to an accepted design procedure; note that there is only one

value of the velocity, V, corresponding to a given head,

b. Use a density difference, Ap , and determine the depth, 2, of th»

withdrawal zone according to Equation l.

RECTANGULAR WEIRS

Rectangular weirs are the most common outlet structures and are

characterized as  a! sharp-crested or broad-crested, depending on the

thickness of their cross-section,  b! with or without side contractions,

depending on the ratio of weir length to channel width, and  c! free or

suppressed weir depending on the level of the downstream water body.
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can be applied  a! to withdraw waters with acceptable quality and  b! to

avoid resuspension or scour of bottom sediments. To achieve. this effect,

the withdrawal zone should be located well within the upper layer of water

and flow velocities should be minimal, if not zero, in the second water

layer. The following approach is suggested to ac. ~mplish this objective,
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Head over Weir for Various Density Differences
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Sharp-crested weirs have the cross-section of a thin plate; weirs wi.thout

contraction have lengths equal to the channel width; and for free-flow

weirs the downstream water level is lower than the weir crest elevation

and does not affect flow rates.

The most widely used relationship for the determination of flow dis-

charge over a sharp-crested rectangular weir is based on the application

of Bernoulii's law and assumes free-flow conditions. After accounting

for local head losses, this relationship takes the form

2 3/2 , 2 3/2 i
q = � 'Wg c i i  8+ � l

3 c gi 2g ' 2gi �!

where Q is the flow rate, L is the length of the weir, H is the head over

the crest, g is the acceleration of gravity, V is the approach velocity,

and C is the coef ficient of contraction.
c

The effect of both the approach velocity, V and the contraction

coefficient, C , may be represented by a single coefficient, C , such tha'.
c D'

Q=3/YgC LH=2 3/2

2
which, by incorporating the constant � ~g, becomes the coefficient C'

Q =C' LH
D

1 2where C' = �,~g C is the overilow coefficient. The measurement of head.,
D 3 ' D
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H, must be made a sufficient distance upstream from the crest to be beyond

the zone of appreciable drawdown, If it is more practical to measure the

head above the crest, h, adjustment has to be made for the effect of draw-

down according to Equation 2.

The overflow and discharge coefficients, C' and C are dependent on
D D

 a! the relative dimensions  geometry! of the weir,  b! the height of the



weir crest above the bot tom,  c! the side contraction,  d! the approach

velocity,  e! the direction of approach, and  f! the head over the weir

crest. One of the best known formulae for calculating C' was advanced

by Rehbock �929!  in British units!;

C' = 3.24 + 0.43 � +

Q=G' L H
D e e �!

where H = H + 0.003 ft and L = L + k . Nomographs were provided for the
e e

determination o f values for K and C ' .

It is evident that for small valves of H/P, the various formulae show

very small disagreement but for H/P > 1 the deviations become increasingly

more significant. Furthermore, the extensive studies  Rouse, 1949! have

shown that the effect of side contraction on the discharge coefficient is

insignificant if the head over the crest, H, does not exceed one-third of

the crest length, L.

The discharge coefficients of sharp-crested weirs are affected by

the angle that the weir makes with the vertical  Starasolszky, 1970!, 'I' f

the weir tilts toward the downstream side, the effect is favorable fcr

0
angles up to 70 . However, the flow rate over the weir increases only

by about 10 percent for the most favorable conditions �0 to 60
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where H is the head over the crest and P is the height of the weir or the

ponding depth in the vicinity of the weir. Nore recently an extensive

study was undertaken by Kindsvater and Carter �959! who introduced the

concepts of effective weir length, L, and effective head, H, and proposede' e'

the following general formula to calculate the flow rate, Q:



angle with the vertical!. The quantity of flaw over a weir is also

affected by the direction of the approach velocity. This effect becomes
0significant only for angles smaller than 30 between the weir crest

and the direction of the approach velocity  Kiselev, 1950! .

To simplify the design of rectangular, sharp-crested weirs for

dredgings containment areas the following assumptions can be introduced:

 a! the direction of the approach velocity is perpendicular or nearly

perpendicular to the direction of the weir crest,  b! weirs have a

vertical upstream face;  c! the head over the weir, H, is not more than

a few inches,  d! the height of the weir or the ponding depth, P, is

not less than one foot. With the exception of overflow structures with

very I.ong crests, weirs in disposal areas should be considered contracted,.

The coefficient of contraction is a function of the ratio of the head

over the weir, H, to the height of weir, P, and the ratio of the weir

crest length to the width of the flow channel, When realistic values

are assigned to the ratio H/P  not more than 0.5 and often less than 0.1!

the required correction for the flow rate is negligible for all practical

purposes. To aid in the design of weirs for dredgings containment areas,

Figure 5 was prepared using the Kindsvater-Carter �959! formulations.

Most rectangular weirs used in sedimentation. ponds can be considered

as sharp-crested weirs, despite the fact that they are, in effect, narrow-

crested weirs. This assumption causes some error in the calculations, but

it is insignificant, because outlet weirs are used as flow control rather

than flow-measuring devices. For this reason, Figure 5 can be used also

for narrow-crested weirs. The majority of dredged material confinement.

areas are expected to have either sharp-crested or narrow-crested weirs,
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10 'l2

Figure 5. Relationship between Head and Height of Weir and Unit Flow Rate
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and this figure can be directly applied for their design..

Observation of Figure 5 indicates that the head, 8, over the weir

affects substantially the flow rate and care should be exercised when

selecting a value for the head, H, during the stages of a design. If, for

instance, the head over the weir is limited to two inches, the required

weir length will be equal to the ratio of the total flow rate divided by

the weir loading  flow rate per unit length!, obtained from Figure 5. The

relative simplicity of this approach explains its popularity, but it has

serious limitations. The weir loading itself does not have a direct ef-

fect on the settling effectiveness. Furthermore, the height of the weir

 ponding depth! is also a significant factor that influences the flow rate.

If this height is very small., the approach velocity to the weir will be

high, and resuspension of sediment near the weir will occur. Thus, a

two-inch head limit may be insufficient if the height of the weir is too

small, while a higher head can be accepted  with a corresponding decrease

in weir length! if the height of the weir is sufficient.

POLYGONAL WEIRS

Weirs of polygonal shape include square intake towers, labyrinth wei r.,

duck-bill over-falls, etc., and are characterised by a broken axis icrest !

in plan. The purpose of polygonal weirs is to increase the active weir

length  Length of crest!, thus making it possible to increase the dis-

charge per unit length of structure for a given head. Such an arrangement

is advantageous if the available width and the head over the weir are

limited. Several authors  Aichel, 1907; Escande and Sabathe, 1937;

Gentilini, 1941; Kozkk and Svhb, 1961; Hay and Taylor, 1970; Darvas, 197~.;

lndIekofer and Rouve, 1975! have studied the capacity of various polygonal

overflow structures. The most comprehensive analysis was performed by
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Hay and Taylor �970! �and recently lndlekofer and Rouve �975! studied

the effect of corners on the discharge capacity of weirs.

Hay and Taylor �969! deve1oped a computer program for the analysis

of labyrinth weirs and substantiated the validity of this program with

laboratory tests. The performance of labyrinth weirs was evaluated by

dixect comparison of labyrinth weir flows, Q , with the corresponding

shax.p-crested lineax' weix flows, Q . This method of analysis is dependent
N

on the accurate knowledge of Q . Hay and Taylor �969! used the foxxsula

proposed by Kindvater and Carter �959!  see Equation 7! and used a C'

value of 3.22 + 0.4 -�where H and P are the measured head and weix. crestH

P

height corresponding to the labyrinth weir discharge, Q . Their results
I.

Hcleax'ly indicate that, for small - ratios, the increase of weir length:>y
P

applying a polygonal arrangement will result in an almost proportional

increase in the flow rate, as compared to a regular .,harp-crested x sir.

Fo» instance for a crest-Length magnification of 8 the value of Q /Q
N

decreased from its initial value of 8 to ~ as H/P increases from 0 to

While the concept of polygonal weirs may be useful in the design of

large spillways, it can not be considered advantageous for dredged materiaI.

disposal areas. A decrease in the weir loading by utilizing polygonal

shapes can not and does not improve settling effectiveness. Consider, fox
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example, he case where the xectanguIar weir of a disposal area is replaced

by a polygonal we'r of the same effective crest length but contracted to

1/3 of the actual, width of the rectangular weir. Assuming that the head

in both cases is small relative to the height of the weir, both outle::

structures will carry the same totaI. discharge at the same head over the

weix', The cross-section of the flow toward the weir is significantly



smaller for the polygonal structure than foi the rectangular structure, anc

therefore, the approach velocity for the former will be three times that

of the latter. The higher velocity associated with the polygonal structure

would then create favorable conditions for sediment resuspension or for

the development of short-circuiting. Hence, polygonal weirs  as ccn~pazed

to rectangular weirs! have an adverse effect on the settling effectiveness

of sedimentation basins. This implies that a limitation on the head over

a weir may not be an effective criterion to guarantee maximum settling

effectiveness and acceptable effluent quality. It is clear that, under

identical hydraulic conditions and sediment load, a long rectangular wei r

will result in a significantly higher efficiency than a polygonal weir of

the same ef fective length.

BVET TYPE WKIRS

ln shaft type weirs, the water flows over a circular or rectangular

crest and discharges down a shaft, Calculation of the discharge capacity

of a shaft spi.llway is based on the same principles used for sharp-crested

rectangular weirs. Tlute flow rate may be calculate d from Equation 7, where

I, = 2<r for a circular shaft  r is the radius! and I, = 2a + 2b for a
e e

rectangular shaft  a and b are side lengths of the rectangular cross sec-

tion.! Values for the overflow coefficient, C', can be obtained from chart.'D'

which were specifically developed for the design of shaft-type weirs  Davis

and Sorensen, 1969! or can be assumed to be those given for sharp-crested

weirs.

Shaft-type weirs, such as box weirs and riser pipes are used frequent!.r

in dredged material containment area operations. Standard box weirs do not

appear to be very effective in improving settling effectiveness for reasons

identical to those advanced for polygonal weirs. Box wei.rs function as
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point sinks and force flow lines to concentrate in the area of the weir;

the approach velocities are considerably increased and favorable condition;;

for short-circuiting and sediment resuspension are developed. Hence, corn-

pared to rectangular weirs, shaft-type weirs appear to be inferior as far

as settling effectiveness is concerned. This problem can be overcome hy

using perforated riser pipes with plastic filter cloth wrapped around the

riser. The technique has been utilized and proven effective in containment

basins for small dredgings operations. The disadvantage of this technique

is that the filter cloth clogs with fine silty material, the out flow rise t

acts as a simple nonperforated riser  shaf t!, the water level in the pond

rises above the top of the pipe, and the safety of the dikes may be

jeopardized. Shaft-type sluices can be very effective when used in a I ina1

catch basin separated from the main basin by a long rectangular weir of

fixed crest height. This configuration will provide an addi.tional settling

area if heavy solids are released over the rectangular weir, as might occur

when the main basin is almost filled.

DESIGN PROCEDURES AND GUIDELINES

The most suitable outflow structure for dredged material containment

areas appears to be a rectangular, sharp-crested, free-flow weir. To maxi-

mize settling effectiveness, weir crests should be long and the head over

the weir should be small. In the vicinity of the weir, the ponding Depth

of the water should be such that resuspension of bottom sediments is avoided

and withdrawal of waters of acceptable quality is facilitated. The over-

flow weir should be strategically located with respect to the inflow pipe

in order to decrease short-circuiting and maximize the length of flow paths

and the effective surface area of the sedimentation basin. On the basis of

the foregoing information and discussions the following procedures and

388



guidelines can be advanced for the design of rectangular sharp-crested

weirs for dredged material containment areas,

Inflow and outflow location

a. If the area is an elongated rectangle and no spur dikes are used,

locate the inflow and outflow structures in the middle of the

opposite, shorter, sides of the area, or along a diagonal between

corners, if possible,

b. If the inflow and out flow must be located on the same side of the

containment area, the distance between them should be maximized

and one or more odd numbered spur dikes should be constructed

between them.

c. It is preferable to utilize a single sharp-crested weir with suffi-

cient length to prevent concentration of flow and increased

approach velocities. If this is not possible, then a number of

smaller weirs with the same total crest length can be used as an

alternate.

Overflow weir

a. The overflow structure should be a rectangular, sharp-crested,

free-flow weir, constructed in or near the dike, with its length

parallel to the dike.

be Preferably, the slope of the dike below the weir should be as

steep as possible to prevent resuspension of sediments from weir

overflow currents.

c. Select a head, H, of water over the weir, preferably between L

inch and 6 inches.

d. Determine the unit flow rate, Q/L, over the weir in accordance

with Figure 5,
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e. Compute the required length, L, of weir crest according to the

influent discharge rate, g, and the unit flow rate over the weir.,

f . Increase the computed length of the weir crest, L, by up to 10

percent to account for the ef fects of flow contraction,

a. Use the established value of the head, H, of water over the weir

to determine the required ponding depth, Z, of water in the vici-

nity of the weir, according to Figure 4.

3
b. Xt is recommended that a density different, gp, of 0.01 g/cm" be

w

used in this procedure.

cd Increase the calculated ponding depth, Z, by up to 1 foot and

specify this value as the minimum allowable ponding depth in the

containment area.

CORGI.USIONS

I3ased on the foregoing information, the following conclusions can be

advanced;

1. The design of weirs for dredged material containment areas is

highly empirical; pertinent guidelines are presently practicall.y

non-existent.

2. The operating conditions of an overflow weir can substantially

affect the sedimentation effectiveness of a dredged material con-

finement area and the quality of the discharged supernatants.

3. Weirs should be strategically located to minimize flow contraction,

reduce short-circuiting, and maximize the length of flow lines.

4. Long, sharp-crested, rectangular weirs appear to be the most pro-

mising candidates to improve the sedimentation effectiveness of
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disposal areas.

5. A simple and reasonably accurate procedure has been advanced to

design a rectangular weir for a disposal area.

6. Selective withdrawal principles should be applied to estimate the

necessary ponding depth in the vicinity of a weir to avoid

resuspension of bottom sediments.

7. Large ponding depths in the vicinity of the weir and low water

heads at the crest of the weir improve the settling effectiveness

of a disposal area.
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James C. Reynolds
Corps of Engineers
1840 Upperline
New Orleans, LA 70115

Lucien A. Robert

Wire Rope Corp. of America, Inc.
720 St. George Ave.
New Orleans, LA 70121

Henry R. Schnrr
Corps of Engineers
Asst. Chf., Operations Div.
P.O. Box 60267

New Orleans, LA 70160

Virgil L. Schule, V.P.
C. F, Bean Corp,
3700 One Shell Square
New Orleans, LA 70139

Charles E. Settoon

Corps of Engineers
Foot of Prytania St.
New Orleans, LA 70160

David Siegel
CD F, Bean Corp.
3700 One Shell Square
New Orleans, LA 70139

Hanley K. Smith
WES

P.O. Box 631

Vicksburg, MS 39190

Leonard A. Spalluto
Bd. of Commissioners

Port of New Orleans

Rm. 2512 ITM Bldg.
New Orleans, LA 70160

John F. Szabo

Domingue, Szabo & Assoc., Inc.
P.O. Box 52115

Lafayette, LA 70160

Bruce A. Terrell

Corps of Engineers
Foot of Prytania St.
New Orleans, LA 70160

Richard F. Thomas

Malcolm Pirnie, Inc.
2 Corporate Park Dr.
White Plains, NY 10605



Paul D. Thornhill

Espey, Huston & Assoc., Inc.
3010 S. Lazar

Austin, TX 78704

Jack L. Unland, V.P.
Grant Contracting Co.
Garst at Ave. B

Gr eenvil1 e, OH 45331

James Van Norman

T. L. James & Co., Inc.
P.O. Box 826

Kenner, LA 70063

Herman R. Vick

Corps of Engineers
Chr., Dredging Planning Sect.
P.O. Box 60267

New' Orleans, LA 70160

Harold B. Vige
W113.iazs-McWilliams Co., Inc.
P.O. Box 52677

New Orleans, LA 70152

.James R. Vohz

Alaska Corps of Engineers
P.O. Box 7002

Anchorage, Alaska 99510

Thomas N. Walski.

Corps of Engineers, WES
P,O. Box 631

Vicksburg, NS 39180

George E. Ward
Espey, Huston & Assoc., Inc.
3010 S. Lazar

Austin, TX 78704

Thomas C. Whalen

Bd. of Engineers for Rivers & Harbors
Kingman Bldg.
Fort Belvoir, VA 22060

Jack W. White, V,P.
McNamara hfarine

101 Dundas St. W.
Whitby, Ontario

Jack A. Wilson

C. F. Bean Corp.
3700 One Shell Square
New Orleans, LA 70139
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