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STABILITY AND FATE OF DREDGED SEDIMENTl
by H. J. Bokuniewicz2
ABSTRACT

Hopper dredges often remove fine-grained sediment from navigation
channels and release this material at disposal sites into water about
20 m deep. Such operations involving dredges with a capacity of 703 m3
were studied at two locations in the Great Lakes. The bulk density of
the material in the hoppers was 1.3 Mgm/mB. The dredged material
behaved as a fluid and, when the hopper doors were opened, it was
driven ouf 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 1is
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 typlcal, and bioturbation may mix sediment

to a depth of about 0.1 m. Under these conditions, dredged sediment

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

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



in a deposit containing less than 1oa m3 will be almost entirely
exposed to the water column; if no net erosion occurs, containment
is favored in deposits containing more than lO6 m3. Conditions in
mined, submarine pits in New York Harbor faver the contalnment 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 materiai depends upon 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
dredged 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
subaguectus disposal sites and then discusses the lcong-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 congidered 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 tyﬁe of
operation is the Xind 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 depesit 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 sccond 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 1in 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 disposal 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 (1974). Upon
release, the dredged material descends rapidly 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, demsity 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.,

1978; 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 m 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 washeﬁ 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% ¢f the released material. This fraction will he
neglected in this paper.

The data to best describe the disposed processes come primarily from
research conducted at two disposal operaticns 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.5. 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. (1978), and Bokuniewicz
and Gordon (1978 b,c), and the following description of the disposal operation
is a summary of this work.

buring dredging, sediment and water were pumped into the hoppers for a
fixed time (} hour}. The hoppers were allowed to overflow while sedinent
accurnulated on the hopper floor. After dredging, the bulk density of the
material in the hoppers was 1.3 Mcm/m3, but the sediment is distributed in
two layers (figure 1). The upper layer has a density of zbout 1.1 Mgm/m3.

This dense fluid overlies a layer with a density of 1.7 NMgm/m3. For the
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Density profile of the hopper water and sediment from the
dredge Lyman.
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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 a2bout 104 dynes/cm?2,

The dredged material behaves as a liguid, and when the hopper doors are
opened it is driven out at high speed by the excess pressure head in the
hoppers. The iInjection process may be described by a simplé énergy balance,
similar to Bernoulli's eguation. Figure 2 compares the cobserved ligquid level
in 4¢he hoppers during the discharge with predicted values using a2 rate of
frictional energy loss of 0.1 Mjoules. The injection speeds may be as high
as 4.3 m/sec. The rapidly moving jet of material descends to the lake flocor.
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 apout 72 times the volume réleased.

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 zcross the lake floor. Because of the
sharp density contrast between the surge and ;he 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 thing as it travels radially cutward. The evclution 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 net only acoustic observaticns but also measurements of the near-
bottom currents and the optical trensmittance, The concentration of suspended
solids in the surge was determined from timed, pumped water samples. Within

the surge, concentrations may reach 11 gms/m3. Combining the measured
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Figure 2. The height of dredged material 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 Mjoules.
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transducers (fathometers) at intervals after the start of the
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Cross—-sections showing the evolution of the bottom surge at
intervals after the start of the discharge (from Bokuniewicz

and Gordon, 1978 c¢).




distribution of suspended material Qith the velocity measurements, and assuming
radial symmetry, the total mass of sclids in motion may be determined. This is
shown in Figure 5. The wvelocities within the surge are initially high

{i 1l m/sec). At these speeds no suspended material is deposited and some of the
lake flcoor sediments may be eroded. The total amount of suspended solids
increases slightly from the end of the impact phase, 90 seconds after the
hopper deors were opened, to a time 120 seconds after discharge while the surge
is between 15 and 69 m from the impact peint. Not until the turbidity current
hgs traveled to 83 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 103 kxg/sec and settles to the lake
floor at a rate of about 0.0l m/sec. If there is no lateral drift of the
material during settling, it will be deposited in a ring around the impact
peint. In radial cross-secticn the deposit would lock 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 maximun
thickness of 2.8 mm.

Many repeated discharges would most likely result in a thin deposit of
low relief. The minimuam radius of the deposit is determined by the range of
the bottom surge. ©On a smooth flat bottom, a coni;al mound with a radius less
than about 300 m cannct be formed by deposition from turbidity currents
(Bokuniewicz and Gorden, 1878 a}. The deposit must alsc have side slopes of
less than 0.05. This is because a& current running down this slcpe has its
empirically determined rate of energy dissipation equal to the change in its
potential energy due to the decrease in its elevation. While this is the case,
the initial velocity of the surge will not diminish and no depcsition will

occcur. For volumes of sediment less than 10° m3 the radius is the limiting

11
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factor. With this constraint a deposit containing 105 m3 has a maximum
height of only 1.5 m,

A bathymetrie survey was made of the Rochester disposal site. The spoiled
area could be detected on the basis of irs 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).
Seventy percent (18,000 m3) of the released material was found to cover the
‘160,000 m2 disposal area., Some of the missing material (an unspecified amount)
was not found at the site because it had been released at another location.
The average thicknesq 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 zome, for example, tidal currents typilcally disturb the top millimeter
of sediment and the layer formed by a single hopper load 1s only a few milli-
meters thick. During the dredging of Mare Island Strait in Sam Pablo Bay,
large quantities of dredged samples were found over an 8 x 10? m2 area and
about 10% of the dredged sediment was estimated to have returned to the
charnel (Custar and Wakeman, 1977).

Under certain conditions, however, the deposit should be able to be
maintained indefinitely (Bukuniewicz and Gordon, 1978 a). This will be the

case if, for example, the surface of the deposit 1s armored to resist erosion, or
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if the natural rate of deposition is sufficiently high s0 that there is nc net
erosion at the disposal site. Since the 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 depecsit and the water will be
limited fo 2 thin layer at the sediment water interface. 1Initially, the
thickness of this layer is the depth to which the sediment is disturbed by
currents ox wave activity, usually a few millimeters. After several months,
however, the deposit may be recolonized by benthic fauna (Rhoads, Aller and
Gol&haber, 1976; Saila, 1976). When this happens, the fraction of the dredged
gediment that is mebilized is increased as the result of bioturbation. The
sediment in the bicturbated 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. TFor an ideal conical de-
posit, the fraction of material, £, that is subject to mobilization is:

£ =1 -(1-G/h)3
whew h is the height of the cone and 4 is the thickness of the bioturbated
layer. 1In New England waters the bioturbated laver is typically 0.1 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 te the water may be expected in deposits containing less

than 104 m3.
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Sub~-bottom Containment oi Dredged Sediment

Slow dispersion of dredged sediment from the disposal site results in
dilute econcentrations of dredged sediment distributed over a wide area.
Dispersion accompanied by net ercsion is useful because it permits a éarticular
gite to be re-used and therefore limits the area of the sea or lake floor
t+hat needs to be committed to the disposal of dredged material. Near-shore
water, however, have a limited capacity to absorb this material without
degradation (Carpenter, 1%75). 1In 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, 1%73). As a result, it
is often desired to minimize the contact between the dredged sediment and the
ambient water rather than te disperse and dilute the dredged material. This
'is especially the case for highly contaminated material.

Mined submarine pits may be useful as containment sites for fine-
grained dredged sediment. There are several reasons for this. Oifshore
sands are being mined for construction aggregates in New York, New Jersey,
Rhode Island, and California, and it appears that these offshore rescurces
will be further developed in the future to avert serious shortages (Cruikshank
and Hess, 1975). Simultaneously, new disposal sites must be designated in
coastal areas to handle guantities of dredged materials now produced angd
likely to be produced in the future. In New York Harbeor, for example, several
large holes from previous mining operations already exist, énd it is estimated
that some 27 x 106 m3 will be needed over the next three years (J. ﬁarotta,
New York Office of General Services, persconal communication); in the New Ycrk
area the maintenance of navigable waterways reguires the removal of about

6 3 .
10 x 10 m~ of sediment annually, most of which is fine-grained sediment, and
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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., 1%977) and, as mentioned
earlier, the pits are natural traps for fine-grained sediment. Dredged sedi-
ment can be accurately sent te the pit floor although the bathymetry of the
pits will modify the placement processes and deserves further zttention.
Figure 7 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 {10° to 159),
but below the angle of repose for sand (32°). The pit floors 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

sampling. Core samples show a layer of mud overlying sand con the pit floor. 1In
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 communicaticn). This
thickness of mud has accumulated since 1968 when mining operations in the pit
were completed (B. Brinkhuis, per. com.), 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 surce. From the data used to construct the generalized
sections shoewn in Figure 4, the tetal enexrgy in the surce 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 Mjoules/m. The
gain in the potential energy of the surge in running up various slopes has

been calculated and is alsc shown in Figure 8. For a given slope, the inter-
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Figure 8.

The solid eircles 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
ig the calculated increase in the potential energy of the
surge as 1t rums up various slopes.
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section of thé two curves indicates the greatest distance that the surge may
travel up that slope. For example, a surge initiated at the center of a
conical pit could not-climb out of the pit if the walls had a slope of 1°

and a length of 105 m. Cf course, the curves shown in this figure will not
be unaffected by changes in the discharge conditions. 2ny modification that
will change the energy of the surge will affect its lateral spread. The Gis-

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 ¢). 1t 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, 1852). This seems tc have been the case
for the disposal operations in the Great Lakes, where Fr v 1 (Bokuniewicz,
et al., 1978; Bokuniewicz and Gordom, 1978 ¢). If the surge encounters large
abrupt bumps, however, the top surface may be disrupted; and suspended, dredged
sediment may be injected inte 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 guestion of Qhether or not these bumps would be sufficient
to disrupt the spread of the bottom surge deserves further attention.

After deposition on the pit fleor, the dredged sediments are subject to
resaspension bioturbation and mechanical adjustment. If the natural rate of
sedimentation is high, it is likely that no net erosion of the deposit will

coccur. In mined pits on the floor of New York Harbor, the sedimentation rate
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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 relezse of dredged sediment from a
deposit on the site by natural processes.

The release of fine-grained mzterial from hopper dredges result in a
deposit of low relief and a large surface-to-volume ratioc. For volumes less
than about 104 m?® this sitvation fazvors the dispersal of the dredced sediment.
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 mined pits, which have naturally high
rates of sedimentation are potential containment sites. 0f course, many
other options are also available feor 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 protect the deposit
from disturbances during extreme hydrologic conditions, such as might occur

- during storms or fleods. 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 sedimentz. Conseguent erosion in the impact area would
intermix the spoil with the cover material {Bokuniewicz and Gordon, 1978 ¢).
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 dus to biological mixing or mechanical instzbilities of the sang-

over-mud stratification.

zs more is learned about the disposal processes, a wider rance of manafe-
ment ontions is available. This type of planning, however, will require more
coentrol of the disposal operation than has been normally exerted. The disposal
operation should be handled as an engineering project for building a deposit

of dredged sediment on the sea floor.
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IMPACTS OF OPEN-WATER
DREDGED MATERIAT, DISCRARGE
by

Richard K. Peddicordl

ABSTRACT

The concept and structure of the study of enviromnmental 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 projects 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 1s 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. O. 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 specles 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. Impacts 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 91-611, Section 123)
authorized the Corps of Engineers to initiate and conduct a comprehensive
nationwide study of dredging and dredged material disposal operationms.
0f 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 (DMRP).

The planning and implementation of the DMRP 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 Criteria 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 1A), Movements of Dredged Material
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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 1D),
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 predicting
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 1A was a large-scale
field study effort designed to provide definitive information om 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
guality, impacts on bottom animals, and the rate and extent of the re-
colonization of disposal sites by bottom organisms, and responses of
swimning and free-floating organisms to disposal.

The field studies were viewed somewhat as demonstration cases to
verify in the natural enviromment 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 of 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 ache-
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
EICDP reports are available as cited in this paper.2 Because of the
diverse audience for which it was prepared, this paper is nontechnical 1in
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 occcur 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 DMRP, 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 dees not descend
to the bottom as a cohesive mass, the opportunity exists for it to
interact with the water columm. 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 distributiom, the chemical nature of the sediment
and the water column, the presence of currents, and variable water
density. These interactioms 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 descriptionm,
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 falls as a mass it may produce a mound and existing
sediment may be displaced with a turbidity and/cr 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 conditions, 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 to the bottom where it
forms a low gradient circular or elliptical fluid mud mound (Nichols et
al., 1978). A small percentage (1 to 3 percent) of the discharged 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 plume created in
the water column above the fluid mud layer generally range from a few
tens of milligrams per litre to a few hundred milligrams per litre.
Concentrations rapidly decrease with increasing distance downstream from
the discharge point and laterally away from the plume center line due

to settling and horizontal dispersion of the suspended solids (Barmard,
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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 controlled by the strength
of the current and the settling properties of the suspended material.

In both estuarine and riverine enviromments the natural levels of turbu-
jence 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 plume (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 10 g/f. 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/% 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 1s 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 (nonflowing) 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 matural 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 scluble
metal release to the water column during disposal is generally small,
because metal oxides are relatively insoluble. In scme cases, hydrous
iron oxide scavenges other heavy metals from the water column and reduces
their concentrations. Only manganese was observed to be released in
gsolution to the water column to any extent during disposal. The release
was traﬁsient, 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 1s not clear. 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 01l 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 concentrations within an
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 tham 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 Iimited by nitrogen. Imn an estuary, where marine and freshwater
systems mix, either element may be limiting, and the controlling factor
may change on an almest daily basis,

The plant nutrients, phosphorus and nitrogen, were released to
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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 (NHZ-N). This converted to ammonia (NH3) 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 mnitrite and
nitrate is quite slow and since ammonia is not readily sorbed by particu-
late matter, the observed return to ambient conditioms most probably
resulted from dilution. It is thought that the concentration-exposure
time relationships (Brannon, 1978) 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, 1978).

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
produétivity 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 DMRP 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 (1978). Although dredging-induced turbldity 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 relationmships, 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 insignifiecant 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 DMRP
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 duratiom, or both,

Only in rare cases were existing criteri; exceeded and, even then, these
"worst situation" instances were such that concentration-time of exposure
congsiderations (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
gsediment-water interface. The hottom-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 1ittle 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 moving 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 physiclogical status and envirommental
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 rapldly 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 actiom and/or high current
velocities present a physically stressful enviromment 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,
0il and grease, PCB's, ammonia, sulfides, and similar elements and
compounds. Dredging and dispesal do net introduce new contaminants to
the aquatic emvironment, 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 biocaceumulation is of considerable concern in

regard to the benthic community hecause 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 1in 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 éarbon 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 available (Brannon, 1978).

Of a total of 168 animal-sediment-salinity combinations evaluated
in tests carried out by Neff et al. (1978), only 22 percent showed
significant accumulation due to sediment exposure. The largest uptake
was of iron, a metal generally known for its low degree of toxicity in
biclogical 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. (1978), in the laboratory, and Anderlini et al,
(1976a), 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 speciles, 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 hydrocarboms from the heavily contami-
nated sediments appears minor when compared to the hydrocarbon content
of the test sediments, and ﬁﬁen compared to uncontaminated organisms
(DiSalvo, et al., 1977).

Studies conducted on the adsorption and desorption of chlorinated
hydrocarbons and PCB'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 appreciahble extent during
disposal (Fulk etlal., 1975). Anderlini et al. (1976b) monitored
release from sediments and uptake by organisms of PCR's and compounds of
the DDT group during a disposal operation in San Francisco Bay. Some
uptake of p,p'-DDE was observed bu£ the levels of the other chlorinated

hydrocarbons remained constant in bay mussels.
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The environmental intefpretation 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 falled
to demonstrate that many of the conceptually anticipated impacts
actually cccurred.

It was not possible to establish a cause-and-effect relationship
between the bilological 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 emough to have
a significant impact on the benthic community., There was little
evidehce of bioloéical uptake of o0il and grease (DiSalvo et al., 1977)
or heavy metals (Neff et al., 1978) in the laboratory. Likewise,
there was virtually no evidence of contaminant bicaccumulation 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 avoldance
of the material or was a result of the normal seasonal movements of
fish (Wright, 1978).

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
fﬁund 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. (1978) 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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but this was not accompanied by a concurrent return of the benthic
commuriity 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 specles
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 sultable 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 ADFI were primarily concerned with impacts within a designated

disposal area. This focus 1s important in application of the results

since impacts not only are expected but also are permitted within a

disposal area. To prohibit impacts within a disposal area would be
as irrational as prohibiting impacts of solid waste disposal within

a gsanitary landfill site; it is recognized that disposal will have an
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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, 1f impacts were minimal within the disposal area, they
would almost certainly be less outside of the disposal 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 ifmpacts 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 amd after disposal
may pose a preoblem in some cases, and there is limited evidence that this
conclusion may also apply to iron, mercury, and PCB's. This factor
must be addressed by adequate biochemical evaluation prior to 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 of
the effects is not clear. There is a general lack of understanding
concerning the ecolegical role of most benthic organisms; a shift in
community structure, organlsm abundance, or other parameters is almost
impossible to categorize as good, bad, or indifferent. Most of the

impacts appeared to be physical in nature (burial or smothering) although
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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

1
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
Fxperiment 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
gpecific 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.

1Manager, 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. 5. 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 (4).

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 is achieved. Not omnly is
dredged material disposal conducted im 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
TECHNICAL STRUCTURE

Project/Task

Objective

Environmental Impacts and Criteria Development Project

1A

1B

1<

1E

2D

Habitat

44

4B

4E

4F

Aquatic Disposal Field Investigalions

Movements of Dredged Material

Effects of Dredging and Disposal on Water
Quality

Effects of Dyedging and Disposal on Aquatic
Organisms

Pollution Status of Dredged Material

Confined Disposal Area Effluent and Leachate
Control

Development Project
Effects of Massh and Terrestrial Disposal

Marsh Development

Terrestrial Habitat Development

Aquatic Habitat Development

Island Habitat Development

Disposal Operstions Project

2

3A

iC

6B

6C

Containment Area Operations

Dredged Material Densification
Disposal Area Reuse

Treatment of Contaminated Dredged Material

Turbidity Prediction and Comtrol

Productive Uses Project

3B

4C

4D

5D

Upland Disposal Concepts Development

Land Improvement Concepts
Products Development

Disposal Area Land-Use Concepts

Determine the mapnitude and extent of effects of disposal sites on
organisms and the quality of surrounding water, and the rate, diversity,
and cxtent such sites are recolonized by benthic flora and fauna.
Develop techniques for determining the spatial and temporal distribution
of dredged material discharged into various hydrologic regimes.
Determine on a regional basis the shori- and long-term effects on water
quality due to dredging and discharging bottom sediment containing
pollutants.

Determine on a regional basis the direct and indirect effects on aquatic
organisms due to dredging and disposal operations.

Develop technigues for determining the pollutional properties of various
dredged material types on a regional basis.

To characterize the effluent and leachate from confined disposal
facilities, determine the magnitude and extent of contamination of
surrounding areas, and evaluate methods of control.

Identification, evaluation, and monitering of specific short-lerm and
mare generad long-term effects of confined and unconfined disposal of
dredged material on uplands, marsh, and wetland habitats,
Development, testing, and evaluation of the envirommental, economic,
and engineering feasibility of using dredged material as a substrate for
marsh development.

Development and application of habitat management methodologies to
upland disposal areas for purposes of planned habitat creation,
reclamation, and mitigation.

Evaluation and testing of the environmenlal, economic, and engineering
feasibility of using dredged material as 2 substrate for aquatic habitat
development.

[nvestigation, evaluztion, and testing of methoduloges for hahitat
creation and management on dredged material islands.

Development of new or improved methods for the operation and
management of confined disposal areas and associated facilities.

Development and testing of promising techniques for dewatering ur
densifying dredged material using mechanical, biological. and/or chiemical
techniques prior to, during, and after placement in containment areas,

Investigation of dredged material  improvement  and
procedures aimed at permitting the removal of material
containment areas lor landfill or other uses elsewhere.
Evaluation of physical, chemical, andfor biological methods for the
removal and recycling of dredged material consiituents.

Investigation of the proklem of wrhidity and development of a
predictive capability as well as physical and chemical controt methods
for employment in both dredging and disposul operations.

reduandling
from

Evaluation ol pew disposal possibilibes such as using abandoned pits
and mines and investigation of systems involving long-distance transport
10 large inland disposal facilities.

Evaluation of the use of dredged material for the develupment,
enhancement, or restorztion of land for agriculture and other uses.
Investigation of technical and economic aspects of the manufacture of
marketable products.

Assessment of the lechnical und gconomic aspects of the development
of disposal areas as landfill sites and the development of
recreation-oriented and other public or private land-use concepts.

NOTE:

This technical structure reflects the second major program reevaluation made after the second full year ol research accomplishment

and is effective as of August 1975,

Figure 1
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research determine technical, environmental, and economic feasibility, and
finally, provide guldelines for their implementation.

To achieve these goals the PUP was divided into four task areas: (1)
Upland Disposal; (2) Land Improvement; (3) Products Development; and (4)
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.

Upland Disposal

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, ecomomic, and legal comsiderations, these zones have, in
many cases, become practically "off limits" for dredged material disposal.
This realization has prompted the DMRP to look inte 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, econowmic, environmental, social, and institu-
ticnal factors must be addressed for successful inland dispesal and pro-

ductive uses. S5CS5 Engineers, under contract to the Waterways Experiment

Station (WES) (18), conducted an in-depth literature review with the primary
objective being the feasibility of inland disposal. According to S5CS,
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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Additicnally, 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 (é) 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 tramsportation alternatives available for movement of
dredged material inland. Souder ét al. (16) 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 de#éloped, and although hypothetical,
these should offer scund information for planﬁing and designing for long-
distance transport systems. Concept systems are developed for each trans-—
portation mode to guide the plamner 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 1tems as specific
terrain conditions, tramsportation route, right-of-way, water quality

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

for more in-depth study.

Land Improvement

The land improvement task within the PUP was basically directed at
determining the technical feasibility of enhancing nomproductive 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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¢. Dredged material in conjunction with solid waste management.

Although legislation exists today which directs reclamation of all
future strip-mined }and, 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 (17).

A field demonstration of strip-mined land reclamation with dredged
material has been conducted withiﬁ the PUP (%), The demonstration area is
near Ottawa, Il1l., 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,
I11., 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 chemically and
physicaily 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 potentiai of dredged material as an agriculture
s0il 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 ou

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.

55



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 esgsentially

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 aﬁd/or soil amendment. Dredged material
from ten disposal sites within the eastern and central United States was
used in greenhouse plant growth experiments. After collection the samples
were physically and chemically analyzed, mixed, and seeded with rye and
barley (6). The crops were harvested three times for plant productivity
measurements.

Generally, the additiom of a fine-grained dredged material to a coarse-
grained nonpfoductive 80il 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 WES, examined the physical properties
of dredged material to evaluate its potential in sanitary landfills (2).

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

56



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 guldelines 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 (17) 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 feasiﬁility are: Dredged Material Densification and Dis-
posal Area Reuse Tasks in the Disposal Operations Project and the Confined
Disposal Area Effluent and Leachate Control Tagk in the Envirommental
Impacts and Criteria Development Project.

Products Development

The objective of the Products Development Task was to determine 1if
marketable products can be developed from dredged material, 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 feasiblility.

In 1974, a concept study was conducted to determine the potential
of using confainment areas for the production of lawn sod, horticultural
crops, etc. (1} 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 (11).
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 (10). Twenty acres of an existing
158-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 pessible 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 sufficient incentive for commercial development (12).

Disposal Area land Use Concepts

The objective of the fourth task within the DMRP was to obtain infor-
mation to facilitate planning and implementation of concepts for the
ultimate use of dredged material contaimment 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 assoclated 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, imstitutiomnal, 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 (19).

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 (3).

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 . material transfer
industrial/commercial . waterway related
. agricultural . muitiple purpose
. public service/municipal
The results further indicate that the more successful recemnt ventures had
better site selection methodologies and overall plamning 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 (7). This
study sought to discover what issues were raised during the projects, why
some issues were more important than others, and how the 1ssues were
addressed, Along with the issues the study identified physical planning
elements affecting dispbsal 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: envirommental,
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 (15). In particular, the research

looked at whether land created from dredged material could fulfill urban
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Table 2: Factors Affecting Disposal-Productive Land Use Projects (7)

ENVIRONMENTAL

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

TECHNICAL

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

1. Economic or social benefits (costs of the disposal-productive
use project).

Engineering and construction costs.

Dredged material transport costs.

Fees or taxes on dredged material.

Project sponsor capabllity to assume financial respomnsibiliries.

LWL L P
e =

+

LEGAL

Conformance with regulatory requirements.

Adequacy of environmental impact assessment or statement.
Disposal rights to the site.

Site ownership autherities (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 plamning agenciles.

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 plamnning.

3. Dredging project specification.

4. Temporal coordination of disposal plan with productive use plan.

5. Availability of envirommental data.

6. Evaluation of alternative disposal areas.

7. Impacts of disposal-productive use project on existing water uses.

8. 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.

-

£l B
.
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demand ,for recreation. Most urban areas suffer from a 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-econcomic 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 conjunctien 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. Perhaﬁs, provisions for modifications to present policy
and regulations (5) can be made to promote such a concept.

The fourth study conduﬁted under the task was designed to identify
and evaluate laws and regulations affecting the land use of dredged materi-
al containment areas (13). 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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0f these, the Coastal Zone Management Act is of particular interest. Under
this act, each state is required to develop a plan for its owm coastal zone.
Once this plan is developed and approved under the act, all Federal agencles
must comply with the intent of the plan (8). Thus, the CE may have to work
with the Coastal Zone Management agencles 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-
lations, 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
(14). 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 numbef 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 projects.
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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 plamner 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 hased on results of the research and
are most important for the success of a productive land use product.

The "soft 1ssues'" (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. 1In conjunction with the systems approach, a
planning process is reqﬁired that would allow CE plammers 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 (5) 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 nust 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 (20).

These issues are listed below:

Policy Issues

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. TFinancing of disposal-productive use projects.

5. Application of the Principals and Standards and Corps multi-
objective planning procedures to disposal-productive use plamning.

6. Expansion of Corps rocle in Corps-sponsor relationships for
operations and management.

7. Legislative recognition of disposal-productive use concepts.

Planning Issues

1. A multidisciplinary team approach to dispesal plamming 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 project 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 ARFAS AS SEDIMENTATION BASINS
by
D. K. Atmatzidisl, R, J. Krizekz, and B, J. Gallagher3
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 retention 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 studiled.

1Assistant Professor of Civil Engineering, The Technological Institute,
Northwestern University, Evanston, Illinois 60201

2Professor of Civil Engineering, The Technological Institute, Northwestern
University, Evanston, Illinois 60201

3President, Brian J. Callagher Company, Elm Grove, Wisconsin 53223
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SETTLING PROCESSES

Sedimentation basims 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 dredged material., 1In 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 horizontal
laminar flow were developed over 70 years ago (Hazen, 1904) and subsequent-
ly modified and extended (Camp , 1946). Methodologies 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.

Settling Velocity of Suspended 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. Appropriate 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, Vs which, for low Reynolds

numbers (R < 1), can be written as
2 ]
v, =——— D (Stoke's Law) (1)

where Yq is the unit weight of the solid particle, Yf is the unit weight

of the fluid, u 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
Tow concentrations of solids this effect 1s 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, Vi is usually expressed in terms of its terminal velocity in dis~

crete particle settling, Vo as

v, =V f(Cv) (2)

where f(Cv) 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 funcrion, f(Cv) (Hauksby, 1951; Richardson and Zaki, 1954;
Loeffler and Ruth, 1959; Oliver, 1961)., Although most of these fommulae
are quite complicated, Richardson and Zaki (1954) proposed the following
expression, which is based on extensive experimental investigatioms and

widely used because of its simplicity:
£c) = @ - c)" (3
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, 1%52; Jovanovic,

1965). In general, these studies have ignored the influence of certain
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important factors by introducing simplifying assumptions, thereby casting
suspicion on the ensuing re5ulfs 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 flocs 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/Z, the floc 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 ligquid. 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.

Settling Basin Performance

The perfommance of sedimentation tanks or basins is evaluated in 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 1s 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 parricle settling in continuous-
flow basins, the following simplifying assumptions must be intreduced
(Falr, Geyer, and Okun, 1968): (a) Within the settling zone of the basin,

sedimentation takes place exactly as in a qulescent 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 (¢) a particle that settles is
not resuspended. The proportiom, P, of removed particles with a settling

velocity, Ve is given (Hazen, 1904; Fair, Geyer, and Okun, 1968) by

P = o (4)

where Q is the mass flow rate, A is the surface area of the basin, and Q/A
is called the surfacé lpading.

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 bemeath the warm lighter water
of a basin surface). Each of these currents may contriﬁute 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

‘— nv_--~1/n

P=1-11+gm (5)

where n is a performance coefficient for the basin and ranges from zerc
(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. MHowever, 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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the basin is active, while little or no flow passes through the remaining
space. This phenomenon (short-circuiting) may be caused by one or more of
the following factors: (a) inmadequate mixing in the basin, (b) high inlet
and outlet velocities, as compared with the translational velocity in the
basin, and (¢) 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, 1968), 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, 0'Connor and Eckenfelder
(1958) 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
Vold (1963) and supported by the findings of other investigators
(Sutherland, 1967; Lagvankar and Gemmell, 1968; and Javaheri and Dick,
1969). A general simulation model for discrete and flocculent settling
in ideal basins has been developed by Chang (1972), and Lin (1876)
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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APPLICATION TO DREDGINGS CONTAIRMENT AREAS

A dredged material contaimment facility can be visualized as consist~-
ing of three zones. 1In 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
aré frequently disturbed and resuspended because of disposal operations.

In 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 gravel
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 uséd for spherical particles that are less than 100 g
in diameter, because Reynolds numbers are less than unity. For rod-like
and disk-like sphercidal particles, this velocity is reduced by up to 257
(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 slurrics pumped into a disposal
area seldom have a solids content of more than 20 percent to 25 percent by
weight, which corresponds to a volumetric concentration of about 0.10.
However, all coarse particles (such as gravel, sand, shells, and coarse
debris) and large clay lumps settle out of suspension quickly, 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 saliaity and
particle mineralogy), and it is very difficult, if not impossible, 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, Tt should be pointed out that
flocculent settling becomes a significant factor if the formation of flocs

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 operatiomns,

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 sometimes exhibit the characteristics of a floc-
culated suspension (perhaps in a salt-water enviroﬁment), zone settling
may be a significant process in certain sedimentation basins. However, ne
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 thecry 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
(1976) combined Equatioms 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 negligible, (c) the masses of parti-
cles smaller than 1 micron and 10 microns are not more than 20% and 507
by weight, respectively, (d) all particles larger than 10 microns will be
removed by sedimentation, and (e) the gradation curve between the 10
microns and I 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 eurve 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 curve, they should be performed without the use of a dis-
persing agent.

(¢) Estimate the suspended solids content of the slurry to be pumped
into the dispesal 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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Nemogroph to Estimate Concentration of Suspended Solids
in Effluents from Confined Disposal Areas for Dredged Materials
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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 cffluent,

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 veloéity 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, Vs by a factor to account for hindered settling would not
realistically improve the accuracy of the results. 1t 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 CONTATIMMENT 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 al., 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 1, When
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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 contaimment area. The rate of inflow
was computed as a function of the pipeline d;ametcr. The amount of total
suspended solids in the influent and effluent waters was determined gravi-
metrically, Gradations were obtained according to ASTM specifications with
the exception that no dispersing agent was used when conducting hydrometer
analyses,

The ideal, plug flow, retention time, t, of each area was computed as

-
Q

(6)
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 effectiveness, E, was computed as

E=-—2_2 300 (7)
i
where Si and So are the total amount of suspended solids in the influent
and effluent waters, respectively, Based on the infommation presented in
Table 1 the following observations can be advanced:

() 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 dppears 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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containment areas.

According to Equation 5, the maximum retention associated with a
value of vS/(Q/A) equal to unity is 63 percent, rather than 100 percent
which is expected for ideal basins (Equation 4)., For 85 percent removal
of suspended particles, the values of vv/(Q/A) range from 1.9 for best
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 should 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, 1t is
helieved that use of performance predictions which are made on the basis
éf 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=1) 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

contaimment areas,.
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The actual retention time of a contaimment 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 areas 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 considered as an example, Although the retention time
of the former is higher than that of the latter (101 hours versus 81
hours), the Yazco 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.

i1t 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-1 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
improves substantially the solids retention effectiveness of a dredgings

containment area.
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The effect of ponding depth can further be studied by comsidering
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 275 acres, and
ponding depths of 0,5 feet, 0,5 feet, and 2 fect, respectively, It can
be observed that, although the Mobile site had the largest amount of sub-
micron particles suspended in the influent slurry (19 g/¢ versus 14 g/t
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 teo 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 (18 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 (12
acres) and resulted in a very small 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 pipéline diameter (and consequently the rate of slurry
discharge) must be compatible with the flow rate that correspends to the

required settling effectiveness of the containment area., The Ilwaco
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disposal site had a very low rate of inflow (6 cfs) which, coupled with a
relatively large ponding depth of 6 feet, resulted in excellent solids
retention effectiveness, although the concentration of suspended solids
in the influent slurry was very high (311.5 g/i).

CONCLUSIONS

On the basis of the foregoing information and discussions, the
following conclusions may be advanced:

1. 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 contaimment area.

3. A simple methodology for accurately describing the sedimentation
regime in a disposal area is not available,

4, 1In the absence of a reliable methodology for predicting the pro-
cess of sedimentation in dredged material contaimment facilities, avail-
able theoretical expressions for the solids removal effectiveness of
non-ideal basins can be used to estimate their performance, but desipgns
based on these formulations may be unduly conservative,

5. Poor contaimment 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 90lids retention effectiveness of an area.
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8. 1In a given containment area, the largest possible ponding depths
should be realized in order to increase the retention time and improve
solids retention.

9, 7Pipeline diameter (inflow rate) should be compatible with the
geometric characteristics of the contaimment 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 MAINTENANCE OF EFFLUENT QUALITY

Paul R. Schroederl
and

Thomas M, Walskiz
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,

1 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 operatlion 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 welr 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 weir 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 case).
The method was based on data collected at several small sites (13 to 20
acres) and is applicabie for fine-grained dredged material from both saliné

and freshwater environments.

Concepts in Weir Design for Containment Areas

It is assumed that the reader is familiar with basic definitions
pertaining to containment areas. Some concepts which are cruecial 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

disposal area is a diked area with 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 density prefiles

When the dredged material 1s discharged into the basin a high per-
centage of the suspended solids settle to the bottom of the basin. These

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 comstantly moving downward, the suspended
solids concentration 1s highest at the bottom of the basin and is lowest
at the surface. A graph showing the change of concentration with depth is

shown in Figure 1. This type of graph is referred to as suspended solids

concentration profile, or a concentration profile. The slope of the coun-

centration profile is said to be the concentration gradient.

The density (mass per 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 solids 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.)
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Ponding depth

In typical suspended solids concentration profiles from dredged
material containment areas, the gradient will be falrly constant in the top
layer which contains unsettled solids. At a depth where the suspended solids
concentration is approximately 20 g/%&, 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
solids and is simply referred to as the interface. The interface is not
perfectly horizontal but slopes slightly (about 1:500) from the inlet pipe
toward the weir. The depth of water and unsettled solids above the inter-

face is referred to as the ponding depth or depth of ponded water.

Weir concepts

The weirs utilized in containment areas are sharp-crested rectangular

weirs. Sharp-crested means that the thickness of the weirs (T) is small in

comparison to the depth of the flow over the weir (h) (see Figure 2: h/T >
1.5)8. Rectangular 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:

- 3/2
Q= ¢, BH

where Cp 1s the weir discharge coefficient, which is usually 3.3 for
sharp-crested weirs, H ds 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 loading 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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sharp-crested weirs by:

h = 0.854

h must be measured directly above the weir crest.

t
STATIC

HEAD, H DEPTH OF FLOW
J‘ OVER WEIR, h

A

/

WEIR

RN NN NN N -

L
=

WEIR
THICKMESS

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 weir. The size of the withdrawal zone affects the approach
velocity of the flow. The approach 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.
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Figure 3. Withdrawal depth and velocity profile

Design 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.

Sexrvice 1life of baszin

During the life of a containment area the interface moves upward and
towvard the weir. 1In Figure 4 the lines A, B, C, and D represent the inter-

face at different times in the basin life. (The vertical scale is greatly
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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 job can be completed 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.

Mathematical Modeling

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
by the authors.9

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
Withdrawal modell 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 from laboratory flume studies. The flume studies were conducted
far the case whare the weir 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 deveioped
from the correlation for weir flow by using dimensionless variables for the

depth of the withdrawal zone and the density profilel.

Vw Z0 + Hw
e = 0.60 Hw
‘\/Mw
— (g2 )
Py, o
Vw = average velocity over the weir, fps
ﬁpw = density difference of fluid between the elevations of the
weir crest and the lower limit of the zone of withdruwal,
g/cm
Py = density of fluid at the slevaticn of the weir crest, g/cm3

g = acceleration due to gravity, ft/sec2

Z = vertical distance from the elevation of the weir crest to
the lowsr limit of the zone of withdrawal, ft

H = static head over weir, ft

Nomogram Development

The field study indicated that there were five important parameters
in weir design, namely: {1) flow, (2) weir length, (3) ponding depth,
(4) effluent quality goal, and (5) material type. It was the goal of this
study to produce a simplc ncimonram wilch related these parameters and
could be used for design.

Since different fine-grained materials behave differently in
containment areas, a separate nomogram could bde developed for each material

based on its grain-size distribution, plasticity index, ete, To simplify
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matters, i: wis decided that for practical purposes, fine-grained material

could be divided into two categories: (1) clays in freshwater, and (2) clays

in saltwater and silts. Therefore, two nomograms were developed.

The nomograms were developed by running the WES selective withdrawal
model program for an array of flows, welr lengths, and ponding depths for
each material category. The model then predicted the effluent qualiry.
This information was plotted to make up the nomogram. The nomogram for
freshwater clays is shown in Figure 5 while the nomogram for silts and
saltwater clays is given in Figure 6.

Pigure 7 1s 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.

Desion Procedure

fufficient weir length and ponding depth near the weir must be pro-
vided in a containment area to prevent water with high suspended solids
concentrations from flowing out of the basin. The following section pro-
vides a design procedure that uses nomograms for selecting weir length and
ponding depth at the weir to maintain effluent quality, given the material
type and design fiows. The design procedure is based on the principles of
selective withdrawal of atratified fluids by Bohan and Gracel as discussed
in the previous report by the authors.9 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 mot
be significantly influenced by the weir design.

Data required

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 Scil Classification
System7. If the material 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 tc 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
cla? 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 yvear 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 soll type, the designer can aelect the
correct nomogram from Table 1. The nowogram In Figure 5 I8 for freshwater
clays. The nomogram in Figure 6 is for silts and all saltwater fine-grained
dredged material. The nomogram 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

Nomogram Selection

Clays _Silts
Salinity <1 ppt Figure 5 Figure 6
Salinjty 1-3 ppt Transition Range Tlgure 6
Salinity >3 ppt Figure 6

The design flow refers to the peak flow over the weir during the
design life of the basin, If the dredge 1s 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 functionm of the dredge, the head loss in the
pipc, and the elevation of the discharge pipe at the basin..

The designer must determine the appropriate effluent suspended solids
limit for his dredging operation based on effluent standards, the water
yualitv of the stream, and envirommental concerns. The effluent suspended
soiids concentrations predicted by the nomograms 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 effluent suspended solids concentration

for a given weir loading (Q/B) and ponding depth, A ratio of 1.5 to 2.0 was
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ocbserved in the field data.

Use of nomogram

The design procedure using the nomogram should be an iterative pro-
cedute, There are four variables that the user cam manipulate to achieve
an optimal design. These are design flow (Q), weir length (B), ponding
depth (yo), and the effluent suspended solids (SS). The designer can select
any three variables (Q, B, Y,» OT §8) and solve for the fourth. To
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
welr 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 must be kept small. Lower welr loadings will pro-
duce better effluent quality at the cost of a longer weir. The weir loading
should be kept between 0.1 and 3.0 cfs/ft to maintéin good effluent quality
without requiring excessively long weirs or deep basins. This corresponds
to a range of static heads of 1 to 12 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 1 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 1 ft will result in poor effluent quality.
Ideally, the pending 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 (Q) axis and proceeds horizontally right until it inter-
sects adesired weir length (B) line. TFrom there it drops vertically through
the weir loading (Q/B) line until it intersects the desired ponding depth
(yo) line. From there it proceeds horizontally left until it intersects the
effluent suspended solids (SS) line. The designer should make a number of
trial designs until he feels he has optimized the design.

Example designs

The use of the nomograms can best be i1llustrated by the following
example problem.

In the problem, a weir is to be designed for a freshwater dredging
gite. The dredged material is classified as a CL clay. The design flow is
30 efs and the effluent standard is g8 g/t.

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/% at the end of the basin's service 1ife in order to
insure that the maximum effluent suspended solids concentration will not
exceed the 8 g/ 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
flow, 30 cfs, and his effluent suspended éolids concentration, 5 g/%. These
parameters are shown as solid lines and on Figure 8. The designer
can . select an infinite number of combinations of weir length, B , and
ponding depth, Yo 0 to meet his design parameters, 30 cfs and 5 g/2. A
possible combination is determined by drawing a vertical line connecting
the horizontal lines at 30 cfs and 5 g/%, Six combinations that cover the

range of feasible zlternatives are presented as dashed lines (::) ) (::) R

@ s @ » @ , and . These zlternatives are tabulated
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below.

Ponding Depth

Weir Length Weir Loading

Line __ff-_,_’,_fiﬁ__ B, ft Q/B , cfs/ft
Cl 1.5 140 0.21
(‘.2 1.7 75 0.40
C3 2.0 48 0.62
Ca 2.7 30 1.00
05 3.0 24 1.25
06 4.0 16 1.88

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 lomger 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
and design flow. Similarly, he may reevaluate the effluent quality goal
and select s more appropriate goal for his design conditienms. Then the
designer would once again use the nomogram, as 11lustrated before, to

select his new design alternatives.

Other Design Considerations

Wwhile the following factors are not explicitly accounted for inm the
design nomograms, they must be considered in the design procedure.

Weir design and basin sizing

Weir lemgth and ponding depth are only two parameters in the overall
containment area. The site must have sufficient area to permit proper
settling, sufficient volume to retain all of the dredged material, and a

flow pattern to minimize short—circuiting. These toples are addressed in
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other DMRP reports.z’a’6 The design procedure developed here is based on
the assumption that sufficient area and volume are provided in the basin
and that short-circuiting is not excessive,

Safety factors

In the development of the design procedures, conservative values were
consistently employed when there was a gquesticon as to the magnitude of a
given parameter. Designers are advised to use conservative valueg 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,

Sharp-crested weirs

Sharp-crested weirs should be used in dredged material confinement
basins whenever possible. They require a smaller ponding depth because the
depth of their withdrawal zome is smaller. Consequently, the effluent
quality will also be better. A weir is considered sharp-crested if the
thickness of the weir 1s less than two-thirds of the depth of flow over the
weir.8 Except for very low flows, a weir made up of 2=in,-thick boards can
be treated as a sharp-crested welr.

Shaft-type weirs

In some cases the outflow structuxre is a four-sided drop inlet orx
shaft located in the basin. The weir length (B) determined from the mnomo-
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 shafr weir should not be placed too near the dike, 1In Figure 9,
location A is the most desirable since flow can approach it from all four
sides (four effective sides). Location B is less desirable since flow can

only approach from three directions (three effective sides). Location C is
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the least desirsble since it has only two effective sides.
To convert the weir length (B) determined from the nomograms to be
length (5) of a side of the square shaft weir, use the following formula:
B

g =2
n

where 1 is the number of effective sides. A side is considered an ef-
fective side if it is at least 55 ft away from the nearest dike, mounded
area, or other dead zone. This distance, 58 , is generally accepted as
being sufficient to prevent the flow 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 o
the receiving stream, a location such as A 1in Figure 9 may not be optimal
¢ince 1t is far from the dike and will require a longer pipe than B ,
which is easier to operate.

Polygonal (labyrinth) weirs

Polygonal (labyrinth) weirs have been used to reduce the head over
the weir. Such weirs have very little impact on effluent quality since the
controlling factor for the depth of 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 therefcfe
also the depth of withdrawal and effluent quality will be essentially the
same as those for a rectangular weir of equal horizontal length along the
dike, L , as showm in Figure 10. Figure 10 illustrates the width of the
withdrawal zone or effective weir lenpth (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 the width of the withdrawal zone or the
ef fective weir length. For a given flow, the approach velocities are the

~

sape for different withdrawal zones of equal size. Therefore, the approach
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velocity and the withdrawal depth for the rectangular weir in Figure 10
would he the same as that for the polygeonal weir in Figure 10 even thaugh
the totul weir lenzth for the polygonal weir 1s 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 place-
ment of weirs. Consider the basins shown in Figure 11. 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 11), the dead
zones are reduced in Figure 11. The short-circuiting can alsc be reduced
by use of a spur dike as in Figure 11 as proposed by Gallagher.2 When
several weirs are used in am area, they should be operated with the same
welr crest elevation.

Board size

The clevaction of the welr 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. In order to allow the operator flexibility in controlling the
depth of the withdrawal zone and the flow over the weir, small boards should
be used near the top of the welr. Use of a large board such as a 2- by 10-
in. board at the top of the weir would result in a drastig increase in ef-
fluent suspended solids 1f 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 bottom of the weir. Figure 12 shows a weilr 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 zone,

Operational Guideliues

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 guidelines

The best effluent quality in a dredged material containment area can
be achieved if the welr 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. 1In 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 1s 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 comcentrations. If multi-
ple weirs or a welr with several sectioms are used in a basin, the crests
of all wéirs or welr sections should be kept at the same elevation.

If the effluent quality deteriorates below an acceptable 1imit, the
ponding depth (yo) must be increagsed by raising the elevation of the weir
crest, that 1g, by adding more boards to the weir. TIf 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 the flow into

the basin and over the weir, The flow may be lowered by using a smaller
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dredge or by operating the existing dredge intermittently. The new weir
loading may be selected by using the nomograms or by measuring the effluent
quality for various weir loadings. 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.

Operating head

The head over the weir 1s the best criterion for weir operation.
While 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.

2/3
0. ]
i0.3 B

where

H = static head over the weir, ft

= flow over the weir, cfs
B = weir lenzth, ft
Q/B = weir lcading, 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 qualitv. 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 acceptable range, not exceeding the maximum allowable head. The operator
does not need to be concerned with the weir loading or head over the weir if
acceptable effluent qualiry is being maintained.

The head over the weir (static head) can be determined by two methods.
First, it can be determined directly by using a stage gage, located in the

basin where the velocities caused by the weir arc small (at least 10 to 20
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fr from the weir), to read the elevation of water surface. The elevation
of the weir crest can be read from the weir bex previdiang it is calibracted
to the same datum as the stage gage. The difference between the elevations
of the water surface and the weir crest will equal the static head (see
Figure 2). For example, if the elavation of the weir crest read on the
weir box is 68 in. and the elevation of the water surface read on the stage
gage is 74 in., then the static head equals 6 in. (74 — 68 = 6).

fhe static head cam also be determined iadirectly by measuring the
depth of flew over the welr, h (sec Figure 2). Accerding to Rehbock,9 the
ratio of depth of flow over the weir to static head (h/H) equals 0.85 for
sharp-crested weirs. This ratio approaches 0.67 for broad-crested weirs.
Since the depth of flow over the weir is directly proportional to the static
head, it may be used directly as an operating parameter. In 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.

2/3
h = 0.85H = 0.85

Q
0.3 3

Therefore, using the above equation with the weir loading selected from the
nomogram, the operator or 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 flow over 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 are valid only for sharp~crested weirs. 1If a dif-
ferent type of weir is used, the above equation must be modified to account

for the differences in the coefficient of discharge and the ratio of depth
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of flow over the weir to static head. Information on polygonal weirs has
been documented by Hay and Taylor3 and Indelkofer and Rouvé.5

The length of basin from the welr 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 lemgth (L), the ponding depth
at the weir would be determined by the following equation. (See Figure 13).

¥y = al

o

A typical value for o is 0,002 ft/ft,
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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 to 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 termed the critical effective basin length (L*). (See Figure 13.)

L* =

2 lo'-é

when the effoctive basin length approaches the critical effective length,
the operator knows the basin is at che end of its service life and the weir
loading must be lovered if he wishes to exrend the basin's service life
without deteriorating the effluent quality.

Basin drawdown

Similarly, once the dredging cperation is conpleted, the ponded water
must be removed so that drying can oceur. 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 tow of boards should not be removed until the water level is drawn down
ta the weir crest and the cutflow 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 MATERTAL DISPOSAL OPERATIONS RESEARCH
by Charles C. Calhoun, Jr.1
and

William D. Barnard2

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:

. Confined disposal area operatlions

Dredged material densification

Disposal area reuse

Treatment of contaminated dredged material
. Turbidity prediction and control.

T an o

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 1ife. 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.

1 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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Background

The $33 million, five-year Dredged Material Research Program (DMRP),
the largest and most diverse research program ever undertaken by the
Civil Works DMrectorate 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 elimimating or min-~
imizing any adverse impacts. The Disposal Operations Project (DOP)
of the DMRP 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:

Containmment Area Operations (2C)
Dredged Material Densification (5A)
Disposal Area Reuse (5C)
Treatment of Contaminated Dredged Material (6B)
Turbidity Prediction and Control (6C)
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 Area Operations (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 fac#ors 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. Many 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 results of
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laboratory tests and field 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 from relatively simple laboratory tests.t

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
determining the retention time required are given by Gallagher.2 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 welr 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 water quality standards can usually be met.
However, if the depth of withdrawal is greater than the ponding depth,
settlied 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 spomsor 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 sufficlent; 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

of dikes using current construction methods.4 These guidelines also
include methods of increasing dike stability through improved construction
methods.

During the planning stages of a contaimment 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 guidelines also contain a rather extensive list of plants that may be
used in containment area landscaping.5 Guidelines for odor6 and mosquito
control7 ére also available,

Containment areas must be properly managed to maximize thelr 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 pileces of equipment,
guidelines were developed for their use.8 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.9 Of 21l the vehicles evaluated only the Riverine
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Utility Craft (RUC) can be operated effectively on the very low-strength
dredged material often found in disposal areas.

Dredged Material 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 cublc 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
may be productively used for landfill or construction material.lo

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 DMRP included the use of well points, low-voltage—gradient
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electro-osmosis, surface-loading consolidation, vegetation, underdrains,
and trenching.ll However, of all the methods evaluated, progressive
trenching appears to be the most universally feasible method.12 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 for natural evaporation to
dewater and densify the dredged material with minimal input from man. The
depth of the crust developed over fine-grained dredged material is largely
governed by the net evaporation (i.e., evaporation minus precipitation)
in the area. Consequently, if precipitation exceeds evaporation no crust,
nr 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— o
tively quickly. This increases the net evaporation and causes both 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 techmique 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 only 2-4 in. deep; however, these
depressions collect and drain the rainfall and any surface water. A crust
and associated desiccation cracks gradually develop down to the bottom of
these trenches. By using the RUC to periodically and progressively

deepen the trenches, a crust of 1% - 2 feet can be developed. At this point,
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more convenﬁional, 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

the past several yesars.

Tn areas where sand in large quantities is dredged in combination
with fine-grained material, it moy be feasible to use the sand to con-
struct drainage blankets in the contalnment areas prior tao 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.
*n addition to evaluating a simple gravity flow system, a vacuunm was
applied to the 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.

The DMRP synthesis report12 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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Disposal 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 the dredged material from a containment area will rarely
occur, a site may be considered to be reusable if the capacity of the site
is sigpificantly 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 landfill material in areas close to dredging
operations.14 However, in many cases where only the coarser-grained
material is desirable, it may be necessary to selectively remove various
fractions of the dredged material.15 The DMRP synthesis report16 entitled
"Guidelines for Dredged Material Disposal Area Reuse" presents comp lete
guidelines for selecting and developing reusable disposal sites.

The reusable site concept was applied to the Upper Polecat Bay dis-
posal site. ZLarge 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 specifi-
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. 1In 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 of effective capacity for future disposal operations.
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Treatment of Contaminated Dredged Material (Task 6B)

Special emphasis within this task was placed on the treatment of
effluent from confined disposal sites. Research within the DMRP indicated
that the vast majority of the contaminants associated with effluent from a

ronfined disposal area is closely associated with the suspended solids.

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. 1In most cases effluent
from a properly designed and managed dispcsal 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
or filtration.1

Laboratory studies19 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 int6 the pipeline
produces highly unpredictéble results primarily due to the fact that dredged
material slurry discharged into a containment area during a hydraulic
dredging operation is highly variable. Sclids 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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makes 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 sclids concentration and
variability in the composition of the material is greatly reduced. Guide-
lines are available for treating dredged material in the dredge pipeline
and at the Weir.2

Filtration is another method for removing suspended solids from the
effluent. Guidelines are now available for the design of pervious dikes
and other types of filtering systems.21 The concept of vegetative filter-
ing was also evaluated in a series of field tests; however, no specific
guidelines could be develcoped based on the results of these tests.

Turbidity Prediction and Control (Task 6C)22

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
the discharge can be made using a series of nomograms.23

The turbidity generated by the dredging process is generally very
small compared to that generated by the disposal process, particularly
when open-water 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/%. 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/i) with concentrations decreasing
exponentially with distance from the cutter. Suspended solids levels in the

vicinity of the cutter tend to Iincrease 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/%.

A commonly used method for controlling turbidity involves the use
of silt curtains or turbidity barriers. These are simply impervious
plastic curtains used to surrouna a source of turbidity. These curtains
were extensively evaluated and their effectiveness was determined. 1In
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

curtains.
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Concluding Remarks

As a result of the DMRP many major gquestions 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 threugh
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) programn.
In'Fhis 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 Enginecers 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 major 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 metheds used in two distinct con-
fined disposal areas and the results obtained thus far in the post

ditching evaluation.

1 Dredging Division, Panama Canal Company

2 Assistant Chief of the Dredging Division, Panama Canal Company, Gamboa

Canal Zone

Army Corps of'Engineers, Panama Canal Company.
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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 torn from the jungle and moved to create the water-
way. Since the opening of 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 flect north of any serious slide that
might occur in Gaillard Cut. Gamboa is the geopgraphic 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 drillbeat. The U.S.
MINDI is5 a cutterhead suction dredge capable of moving 1,200 cubic
vards 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 l5-cubic-yard steam-powered dipper Qredge
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 reéord 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,
the 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 Gaillard Cut.
Both of these dredges are operated 24 hours per day, 7 days per week
when they are in sexvice.

A contract was awarded in 1976 for a new l5-cubic-yard diesel-
electric dipper dredge to replace the inoperable and decommissioned
dipper dfedge 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 2,150 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 1lbs, 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 1/2 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 expleosive 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 MATERTAL DISPQOSAL

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 dispesal areas has not

generated the adverse environmental impact prevalent in other areas
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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 environmment 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. MINDL pumped 1.7 million cubic yards into the main Pacific
disposal site, Velasquez, which amounted to a depth of approximately
four feet throughout the 260-acre area.

This disposal area was originally established in 1946 and has
been used on a recurring basis since that time. The present eleva-
tion 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 cases, no provision for
underdrainage was provided at the outset, therefore the area has be-
come inereasingly smaller as the dike construction encroached on the
storage area. Land development surrounding 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 inveolvement with explo-
sives it is not surprising that explosive trenching developed as a
primary experimental project to 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 locally available
in proximity to United States dredging works was simply not avail-
able from Panama Canal resources or {rom contractors in the Republic
of Panama. Company-owned conventional 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
(clamshells, backhoes, draglines, all working off pads) would cost
between $5-$7/vard.

Using explosives was considered and we decided to run some tests.
We 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 1bs. 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 additiomal 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 QUR DITCH LINE

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 nigher 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 drep
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 1.

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 cur 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 1
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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 davy,
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.

151



PROCEDURE

The first three blasts were approximately 1,000 feet or 1,000 1bs.
each and despite the close proximity to the housing area, ﬁo 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 lempths and the occupants
were instructed to open their windows immediately pricr 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 afternocon, 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,

havy 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 dué 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 1bs.) 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 construction 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 posgsibly 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
1. 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 $1.00 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 facilitiesg, 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.

SUMMARY

To summarize, dewatering dredged material is an accepted goal to
bé 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 shown 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 QF THE MISSISSIPPT 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 1850's when it became an annual affair until interrupted
by the Civil War. Politics, economics and nature all combined to retarvd
the implementaticn of dredging. Due to a lack of understanding of
sediment transport many schemes used to open navigation resulted iIn
failure. IThe 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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Following the discovery of the mouth of the Mississippi in 1682, the
French had visions of developing the interior. Such efforts were partic-
ularly inhibited by limiting depths over the bars guarding the various
passes at the mouths of the river.

New Orleane was finally established around 1/1& and the need to
provide a navigable charnel at the mouth of the river became more acut:.
Harrows were shipped from France the same year but were unloaded and sulb-
sequently lost because the engineer who was going to use them died. To
aid nmavigation, a pilot was hired and headquartered at Balize but the need
for dredging still remained. Dredging was finallv performed in Balize
Pass in 1729l and was credited with achieving a channel of 17 feet. What
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. I+ 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 flecods
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 years.
These problems continued and increased when Louisiana came under Spanish
control in 1767.

The problems of navigation at the mouths of the river became those
of the United States when she acquired Louisiana in 1803. Although con-
cerned with the problem there was little if any dredging occurring else-
where in the United States at the time and certainly none under the

federal government.

165



e e Wy o Ty R D T
I e it e a5

Figure 1. French pontoon-dredger,
supplied by treadmills, 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 Fremch 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 Buison,
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.2

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 Pocle's report and suggested
three options for navigation. One was to close all but one pass. A second
was to dredge the bar and confine the channel with jetties. The third, his
favorite, was to bulld a ship canal. He submitted great detall on each.
The dredging option included a cost estimate for lmproving the Southwest
Pass whereby five dredges would be used to dredge a channel, 5300 feet long
and 300 feet wide, by removing the upper three feet of the bar for $110,000
For another $160,000 and four more dredges, the Northeast Pass could be
dredged. Thereafter, the channel could be maintained for $144,000
annually.3

George W, Long, the State Engineer, felt that dredging was too shorr-
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, 1i837. Chase was promoted to Major and
Chief Fngineer of Mississippl 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 BELIZE reached fhe

Migsissippl in May 1838. The cast-iron chains forming the endless loop
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connecting the buckets repeatedly broke and interxupted progress.
Eventually wrought-iron chains arrived from Philadelphia and dredging
resumed in Se.-pt:«arubf.ar.[+

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 anpual report to the Secretary of War for 1839. Abert
supported dredging but no new appropriations were made.

The cotton trade continued to grow. Strangely emough, 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
locked to dredging as the one feasible way to provide help.

With no new federal action in 1841 the Loulsiana Legislature asked

Congress to examine the potential use of a submarine plough iovented by
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J. R, Putnam? to scrape the bars. William B. Davis contacted the ingineer
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 1t in sus-
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 walting inside the bar to cross, The
severity was such that in 1844 the State Legislature of Louisiana again
solicited Congress for help. 8till nothing was done.

In 1850, 2,720 ships took pilots. In the same vear Congress acted by
appropriating $50,000 to conduct a topographical and hydrodynamic survey 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 1861.9
Loulsiana 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 propesed that the federal govermment 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 preblem. For immediate consider~
ation he proposed raking the bars. His idea was to employ a steamboat
to drag a crescent-shaped harrow 30 feet wide with twelve 18~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 Mississippi and Ohio Rivers, was published in 18533, FEllet
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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 imnto
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.lo

Two major occurrences in 1852 resulted in Congressional actiom.

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 clearing 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 stirring 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 surface 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

croas~sectional area of flow, thus increasing the velocity and sediment

transport capacity.11
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The board took a conservative appreach and signed a contract with the
Ocean Tow Boat Company and the Star Tow Boat Company on November 18, 185Z,
to create a channel across the Southwest Pass 18 feet deep and 300 feet
wide. The contract was for $75,000 payable upon completion. The companies
supplied two tow boats. The dredging apparatus for each congisted of large
triangular harrows, armed with iron teeth or coulters, protruding 15 to 1&
inches below the timbers of the harrow. By dragging this along the bottom
of the channel, the current was assumed to sweep the loosened material 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
malntenance dredging.

In 1856, $330,000 was appropriated by Congress for the opening and
raintenance 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 dams
or jetties they claimed that they would provide a chanmnel 20 feet: deep
and maintain the channels for another five years for 36,000 per year.l3

A contract was signed with Craig and Rightor November 14, 1856, to
provide chamnels across the bar 18 feet deep and 300 feet wide. The
Southwest Pass was to be completed by September 13, 1857, and Pass a 1'0Outre

by February 13, 1858. Lieutenant Colonel Stephen H. Long was in charge of

the project.

Craig and Rightor using the patented Meig pile dams began imstaliatZor
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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. Wext they resorted to blasting. The blasting was done
with powder~filled canisters submerged 7 to 20 feet below the water
gsurface. 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, 1858, the contract depth had been achieved at the Southwest
Pass and similarly the contract depth was achieved at Pass a 1'0utre 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 Rightor
had Baker back blasting in the Southwest Pass In December and January but
the new Go;ernment 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, there were
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a reported 49 vessels detained at the mouths of the river waiting for
sufficient water. Some cof these vessels had left New Orleans as early as
December 9. Fifty more vessels were lpaded and ready to leave New Orleans.

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 1/2 feet at
Southwest Pass and 11 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 towbecat asscciation; the group that had successfully
cleared the passes in 1853. 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 F. E. Bishop's
patented screw dredgel4 and the using of the drvdocks at Algilers as 'camals”
to ferry the ships across the bars. The State of Mississippi wanted to
eliminate the problem altogether and proposed a railroad from the interior

toc a Gulf Coast port.

Tong officially terminated Craig and Righter, and on March 24, 1855,
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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, using 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 repeart this action. Scrapers were constructed of boiler iron and
mounted on the under side of a 24-foot-long horizontal caken 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 to which
the scrapers were attached was raised and lowered by chains by means of a
small engine and capstan.l6 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
by the m.ud.l7 The two dredges produced little good and the contract was
cancelled in 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. FEach drag was hoped to
scrape a depth of 18 inches. First the MOBILE znd then the PANTHER served

as the dredge boat in a fashion similar to the P. F. KIMBALL.l8
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Like previous dredging efforts there were continued mechanical break-
downs with the dredging apparatus. Thinking something was lodged in the
bar, Fuller remeved the scrapers and raked the bar for twelve days finding
nothing harder than stiff blue clay. He replaced the harrows with z 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, 1861, when slowmess 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 1'0utre was the most heavily trafficked. 1Tt is supgested 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 10, 1866, the passes shoaled to 14 feet which re-
sulted in the worst impediment to tvraffic since 1859, Not waiting for the
Federal Governmenf, two private attempts were Initiated to clear the passes
The local agent for the Star Line, mall 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 c¢lay.” 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.l9

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
Congrese 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, O0Of 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 a2 medieval mace which would be attached by chains
and rope from a steamer, He also wanted to incorporate a double-ended
propeller and variable draft l1ike 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 l-foot diameter hoses to scour the bed material, They
added to their design heavy revolving harrows to be drawm over the bar just
in front of the jets.20 Their contrivance called for an adjustable frame sc
they could control the distance ffom 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 sz
trial at a 50-fcot 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
glve them an exclusive charter to lift 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. McAlester, 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 would power the vessel across the bar and
agitate the sediments at the same time.zl

Tyler's dredge WIGGINS was completed March 19, 1867. Her dredging
machinery consisted of two 20-foot-long conical screws each with a 3-foot
diameter base and a helical flange, 12 feet wide 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.

In March several significant events occurred. First, the Coast
Survey started an examination of the passes to he 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 bulld 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 dlameter to 14 feet and the maximum variable depth
to 22 feet. He alsc 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 WIGGINS, there were delays with the completion of the
ESSAYONS, 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 da.ys.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.
Howal politicked with ship owners to get them to use the pass and finally
a ship drawing 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 against future sabotage by the pilots, he pressed for the estabiish-
rent of a bar master to regulate use of the chanmels, 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 shealing,

Shealing 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 Socuthwest Pass cleared in mid-February 1870, while continued
dredging at Pass a 1'Outre gave only 14 feet of water by June as the South-
west Pass had daily traffic of ships drawing up te 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 ome for each pass and the third to act as
a replacement. In July 1870, Congress appropriated $300,000 for the repair
cf the ESSAYONS and for the construction of a second dredge to be used at
the mouth of the river. Repairs to the ESSAYONS were finished in October
and Howell, yielding to pressure, put her to work at Southwest 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 impreovements of the ESSAYONS which were to be in-
corporated in the new dredge. Howell was convinced that the improvements
were goocd 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 furthef 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.%%

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 could get no cooperation
from the Towboat Association so he moved the dredges to Pass a 1'Cutre.

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 thaet the number of more modern and deeper draft steam ships
entering and leaving had decrensed from 2,117 in 1870 to 829 in 1873.25

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. Eads presented a resolution at the convention cailing
for deepening of the Southwest Pass by building jetties. He rallied
sufficient support. A tremendous controversy arose over navigaticn 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
freedom of design as long as the jetties were no closer than 700 feet
apart. Eads was to receive $4,250,000 when a channel 30 feet deep by 350~
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 hydraulies 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 comstruction of an hydraulic
hopper dredge. The G. W. R, BAYLEY was built by D. W. C. Carroll and
Company of Pittsburgh, Pennsylvania, and arrived at Port Eads on

November 15, 1877. The hvdraulic hopper dredge had a cutter suction head
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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

material an hour.27

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, Ellet's
tubes and Bishop's screw which are silly in retrospect. The importance
of keeping the mouth of the Mississippi open to shipping was great enough

to encourage almost any scheme.
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Figure 5. Scraper dredge P. F. KIMBALL, 1859
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LPlatedl A

Figure 6. Scraper used on dredges PANTHER and MOBILE, 1860
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Figure 11. Scraper on ESSAYONS, 1870

153



DREDGING TECHNOLOGY FOR PCB REMOVAL IN THE HUDSON RIVER
by R. F. Thomas,1 F. Bryant,2 T. J. Tofflemire and I. CarcichJ
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 1in
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 site of approxi-
mately 150 to 200 acres is proposed. The disposal site
will meet state and federal requirements for chemical waste
landfill. Retufn dredge flows will receive a high level of
treatment through primary settling, 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 contingent 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

l project Manager, Malcolm Pirnie, Inc., White Plains, New York.
2 Gahagon Bryant Associates.
3New 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 eguipment 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 cf the
upper Hudson River as proposed by the State of New York (see
Figure 1). The program described is based upon a feasibili-
ty report published in January 1978 and a preliminary engi-
neering design report now being completed. The purpocse 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 Scate 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 12 ft. is maintained in the barge canal. Locks
allow for barce tows 43.5 ft. by 300 ft. Minimum vertical

clearance through the barge canal system is 15.5 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. 1In
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 ug/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 uwg/g. Average values in the hot spots are approxi-
mately 125 ug/g. 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 materiail
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 he feasible at this time.
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Dredging Volunes

Dredge guantities are based upon a minimum cut of two
ft. in the areas to be dredged. An additicnal 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 corder to reduce the volumes of material to

be disposed and return water to be treated.

Alternative Dredging Systems

Alternative dredging systems investigated for the

program consist of 4 major elements:

o] Descriptions of the areas to be dredged
o Dredge Transport Systems

a) Disposal Site(s)

o Return Flow Treatment

Each of the material-handling elements invelves potential
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 oczer 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 unlcading of
barges, and 5-cu. yd. clamshell with hydraulic pumpout of
barges. BAll 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 mixing 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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Disposal 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
on the order of 1 x 10“7 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. 1Internal 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 turtf
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 Cost S$/Cu Yd

Thompson

Island Pool 700,000 $ 9,600,000 13.70
Other Pools 800,000 12,300,000 15.50
Total 1,500,000 $21,900,000 -
Remnant

Deposits 290,000 $ 3,000,000 -

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 dam 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.

Program Administration

An important requirement for the success of the pro-
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posed dredging program will.be dredging adminisfration. It
1s 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
0 improved dredging equipment
o) improved dredging technigques
o dredging monitoring

Although essentially conventional dredging equipment and
systems will be utilized, it is anticipated that some 1im-
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 alsoc have an extensive

monitoring system for detecting any PCB leakage.

Program 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 anticipation 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,

0 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

econeomic manner.
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DREDGING THE PANAMA VS. THE SUEZ:
UNIQUE PROBLEMS FACING EACH OF THESE WATER PASSAGES TO THE WORLD
by Doug Harris1
ABSTRACT

The history of the construction of the world's two gjreat
canals, the Suez and Panama, 1s like a novel. Thousands of
people worked in adverse conditions, facing disease, starvarion,
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 carals
is also a story of dredging. The two canals presented an
early large-scale application of modern dredging techniques.
Bredging 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,
compariseons and analyses of geologic, technical, and financial
problems of the two canals are presented, Geologic factors
involve differences in terrain, soils, and general geographicz
difficulties in construction. Technical and financial topics
discussed include 1) particular applications of dredges used

in construction, 2) technical comparisons of the two canals

DredgeMasters TInternational, Number One Dredge Park,
Hendersonville, Tennessee, 37075.
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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 will play in the future

of the canals, and the role DredgeMasters International has

taken in the area of major development in the two canals.
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Introduction

The history of the construction ¢f the world's two
great canals--the Suez and Panama--is like a novel. Thousands
of people worked in adverse conditions, facing disease, star-
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 dredging. 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 impertant factor
in maintaining the two navigational shortcuts.

First, let's loock at the geography and a little of the
history of the two regions.

The Suez Isthmus separates the Mediterranean S8ea on the
north side and the Red Sea and Suez Gulf con the south. BRefore
the canal, it was 100 miles of blistering desert, marshes and
stagnant lakes. In prehistoric times, the land was part of
either or both bedies of water. Vide expanses of it are belcw
sea level, though in places plateaus 30 feet high stretch across

10 miles of desert.
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Senourset 1II, Pharach of Egypt, built a canal through
the desert in about 2000 B.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, warm tropical
lakes and seemingly bottomless swamps, After Vasco de Balboe
discovered the Pacific Ocean by crossing over the mountains,
he recommended that a fortified trail be cut to facilitate
trade from ocean to ocean. As an afterthought, he suggested
a search for a straight., If one could not be found, he concl.ced,
"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. Tt
was a job made for dredging. The plan was simple: build
aervice canals in the deserts, lakes and swamps; then, let
dredges go to work widening and deepening the channel, At
the peak of the service canal work, 25,000 conscripted Egyptians
labored in the deserts and swamps for the Egyptian 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 genius, a man who coulcd
mdve mountains. People were eager Lo invesl 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 proiject,

but it barely cleared 25 percent of the earth and rock standi:

2]

betweén 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. 1In 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 killed thousands and disabled
many more.

The French, though, never lacked for eguipment. In
their first 18 months in 1881 and 1882, they shipped in a
staggering amount of gear, especially when compared to the
U.S. commitment in hardware during its first year and a halt
in 1904 and 1905. The French brought four times as many steam
shovels, six times as many flatcars, half again as many lococ-
notives, twice as many boats and barges. They laid 10 times
as much railroad track. And they doubled the number of dreagesg,
putting 14 to work compared with seven for the U.2.

By far, the French had superior dredging equipment.
They made most of their headway, in fact, by dredging. Tney
removed 78 million yards during their f.ing in Central »dmerics
In 1883, they brought in three of the largest, heaviest and
most éomplex dredges ever seen on the Isthmus. Among them 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 cemmented that it was so
nearly automatic, "that it could be operated by only a dozen
men. "

America paid de Lesseps' company $4C million in 1902
for all properties and concessions of the canal. Another
$10 million went to the newly formed xepublic of Panama, pilus

a guarantee of $250,000 a year beginning in 1613,
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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 W. Goethals, a methodical engineer
who once remarked, "You don't have to be crazy to do a job like
this, but it helps." I'm sure this famous statement has hecn
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 €, 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 cut 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 219 million yards of earth and rock,
blasting through the mountains. And the 1,000~-foot~long

locks are still considered an engineering masterpiece, 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 hig 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 worid's
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 tank
trap, halting commerce through it for a decade, The U.H.
estimates a $13 billion glcbal loss in inflated shipping
costs and lost business, It is easy to understand the economics
of alcanal closing. The Panama Canal cuts 10,000 miles off
an Atlantic-Pacific transit. The Suez cuts by half the distarce
between the Arabian Gulf and South European 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, DredgeMasters was awarded a contract to

renovate the 35-year-old U.S. MINDI. The MINDI, even by
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today's standards, is quite a lady. Her specifications
include: a 32-inch suction and 28~inch discharge, 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~foot beam and a lé4-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 106 feet long, capable of
digging 72 feet down. She can pump 5,000 yvards in an eight-
hour shift--that is 625 yards an hour.

The MINDI handles 30 to 40 percent c¢f 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 she is.

But the craft is, nonetheless, antiguated. She is a marvelouc
platform, though, for improvements, and modernization is much
more practical in this case than buying & new dredge.

The Panama Canal Company, the guasi-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 275 psi, The forward pump
has been tested toc 150 psi. They are a single suction volute-
type pump with four-vane impellers, The 80-inch diameter
impellers are statically balanced before assembly. The impel.zrs
are driven by 11 1/2-inch forged steel shafts set in heavy
duty anti-fricticn radial 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 punp.

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. TIwo General

Electric Electromotive diesels create a total of 7,200 BLET.
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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 lcad from the main
pumps by boosting material to the surface. An induction
motor in an oil-filled housing powers the pump., It is directly
connected to the pump through a water-tight seal. The motor's
special windings are impervious to hot oil. The ladder pump is
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
NewIOrleans before shipment to the Canal Zone.

In Suez, DredgeMasters is supplying a new dredge, cur
heavy duty model HPC-24DRM DuraMaster. It will be the largest
cutter suction dredge in the Suez Canal Company's fleet., Tts
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
@ 459 angle. The dredge will be delivered in January and

will go to work immediately con 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:ica,
England, France and Russia, as well as fgypt. More than 100
Egyptians lost their lives in the cleariny operation, most of
them dying when recovered ordnance exploded., Now, with the
canal cleared, dredges are widening the canal and increasly
harbor space, with plans set to triple the total surface aies
and deepen the channel. Eventualiy, ihe canal will accomn tar.
two-way traffic, and all bhut thé largest tankers will be ablz
to pass through fully loaded.

A French engineer reported to Napolenn in the 1830's on
the possibility of building a Suez Canal, and he said that
there micht be enough current in a channel to flush away 3Llt
and sand. He was wrong, though. As the canal's area increaso:,
5o too will the amount of dredging to maintain 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, such
as the veteran CASCADAS, will be busy. Since the canal upened
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. ‘ithe ranamanian governne:r:
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regardless of the form it takes, will keep the canal open
for the revenue it produces. And in Egypt, the re-opening
of the canal--especially to Israell carge--was seen as aﬁ
olive branch long before Camp David. Egyptians also need
the canal revenue, along with the commerce, industry and
international prestige which go with it.
The oceans have been pulled together by these two

great canals, thanks in large part to dredging technology.
And the international dredging industry will be doing 1ts

part to keep them open.
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LUNCHEON ADDRESS

by

Colonel Thomas A. Sands1

Good Afternoon:

It's a genuine pleasure to be with you today, mainly 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 activities.

Since much of what I have to say deals with federal laws and regulations,
1 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
Moses 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 people
to pass over the sea and avoid the impending massacre. The Lors is reported to
have replied, "I think I can help you by parting the waters, Moses, but befcre
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 normel
business while attempting to comply with the maze of federal reguiations that
have come on the books over the past few years.

Like Moses and his people, you in the dredging industry as well as we 1in
the Corps are trying to accomplish vital tasks. And I mean no blasphemy by
this, but I'm Tikening 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 quality.

YDistrict 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 prover perspective by givirg
you my perceptions of where we've been, where we are now, and where we're goirg
in the foreseeable 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 redirecting the nation's
priorities to strike a balance between ocur traditional goal of economic develop-
ment and our newly perceived need to preserve our nation's environmental quality.

0f 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, kiliing off birds
and furry animals, or destroying the nation's natural wilderness areas and its
historic and cultural treasures. In Louisiana, we have some of the nation's
most scenic wetland semi-wilderness areas, an abundance of fish and wildiife
resources, and a strong cultural heritage going back several hundred years,

But we also make our living in Louisiana, which is one of the nation's
largest energy producers as well as the location of the nation's second and
fourth Targest ports. The major commodities handled at these ports are crude
petroTeum 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 strike a balance between econom:c

growth and envircnmental quality.
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Wwell, for 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 1ittle increase in our manpower
or funding to help us conduct the extremely time-consuming and expensive tasks
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 Agency's
ocean dumping criteria, which we have to satisfy before FPA 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 with the President's Council on Environmental
Quality. There are then about 14 steps to complete, including public notice,
possible public hearings, and preparation of a water quality assessment, before
EPA's approval can be sought.

EPA has designated 11 ocean dumping sites for our district. EPA's original
ocean dumping criteria required only chemical analyses of the water co umn and
bottom sediments at these sites, and bioassay testing was optional. However,
since September 1977, we've been required to do bicassay tests to determine the
mortality of marine life before, during, and after ocean dumping at our 11 sites.

After biocassays became mandatory, we immediately had to take three dredy’ng
contracts off the market and cancel one that had already been awarded until we

could have the bioassays done and hopefully obtain EPA's approval of tne nroposed

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
doing the chemical analyses and bioassays on the large scale we reqguired.

Therefore, most of the sampling for water quality 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 Hew QOrleans District spent over $800,000 in 1975 and nearly 31 million
in 1976 acguiring 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 PCB.

The cost of bioassays has so far been $50,000 for each of our maintenance
dredging projects, Now EPA wants us to furnish them with additional bioassay
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" limita-
tions in our bicassay 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 site failed to meet EPA
criteria. To put it bluntly, “"too many of the 1ittle critters died" during the

bioassay tests.
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The regulations say that if the bioassays show that EPA's criteria cannot
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 mainienance dredging would have a serious adverse economic impact
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 seeks &z
waiver of the EPA criteria from the EPA administrator in Washington.

In the case of the Calcasieu Bar Channel, the regional EPA office has
refused our request for ocean dumping because of the results of the bioassays
at the Calcasieu dumping site. We are now developning 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
dredging of the Calcasieu Bar Channel can be accomplished, and the Tocal shipping
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 imposed on us by EPA's "ocean dumping” criteria i
the recuirement that we prepare ocean disposal site baseline or trend assessmert
surveys for continued use of our 11 sites. EPA's original site designations ‘or
ocean dumping were for a 3-year interim period ending in January 1980, It wil’
be impossible for us to complete our surveys and reports by that time unless we
can find contractors who can perform in the required time.

We are facing an even more serious problem next year. It Tooks Tike we

may be required to do bioassays to test the impact of dredging on marine }ife
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in our inland waterways as well as our ocean dumping sites. This could 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 Mississippi River, the Gulf
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
tc the Federal Water Pollution Control Act. These amendments require that
states, including Tocal assuring agencies and the public, share an increased
percentage of the cost of dredge and fill projects. OQur Corps regulations have
implemented this law by requiring local interests to pay for the cost of
constructing and maintaining dikes to contain dredged material.

We 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 Gulf Intracoastal Waterway, this is certainly true.

Let me say further that maintenance dredging is not our only problem: new
construction is aiso affected. After President 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 going to be a lot harder to come by than
in the past. All rew projects, as vou probably know, will now require both a
more stringent economic justification and a more thorough environmental assess-
ment than ever before to receive authorization.

After Tistening to all of this, I hope you aren't taking me for a prophet

of doom. I'm certainly not predicting the "dark ages of dredging," a "reign
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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 hictory,
as well as in the Corps, as we attempt to strike a balance between our country's
original need for rapid expansion and development and our newly perceived need
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 find ways to process and implement the regulations
as fast as they are being written, revised, and refined.

And I'11 lay it on the line to you when I say that I believe that the
trend right now is to strengthen the regulations and to restrict dredging and
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. Quite the contrary. Although for
the foreseeable future we'll undoubtedly be precccupied with Tearning to live
with the existing 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.

[ am confident that we in the New Orleans District will be allowed to
continue to provide the services to the puplic necessary to keep our vital
waterway system functioning. And that of course means regular maintenance
dredging of the 40-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 District does more maintenance
dredging annually than any other district in the Corps or almost 30 percent of
the total Corps dredging nationwide. During a normail dredging year, we remove
a total of about 70 million cubic yards of material from our waterwayvs, 5%
miTlion cubic yards from our three deep-draft channels, and 15 million cunic
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 $21
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, i%
designed to determine the dredqging industry's capability to perform in a timely
manner and at a reasonable cost of the work traditionally performed by
government dredges.

In the New Orleans District, the industry capability program is concernec
only with hopper and dustpan dredging, since all other dredging has been
handled by our contractors for years. In FY 79, our district will advertise twc
jobs under the industry capability program that have traditiorally been done Ly
government dredges. One is fcr removal of 12 million cubic yards of shoal
material from the Calcasieu River Bar Channel. This is ordinarily done by
government hopper dredge. The cther job is for dredging 7 million cubic yards

from the Mississippi River crossings. This work is normally done by a government

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 handling mostly emergencies
and national defense work.

Incidentally, along those 1ines, 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 0
you. Well, although we will be reducing the government fleet in the future. we
intend to maintain our emergency capability with the mest modern, up-to-date
vessels, and the dredge Avondale Shipyards will build for the New Orleans
District will 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 BSaton Rouge. The present 40-foot depth will become increasingly
restrictive as commerce arows and because of the well-estabiished 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 Toaded, and thie
situation will undoubtedly get worse without the deepened channel.

Although our study is not yet complete, we'll probably recommend enlargemens
of the Mississippi River from Baton Rouge to the Gulf by way of Southwest Pas:
to a depth of between 50 to 55 feet.

If and when the Mississippi River channel is deepened, our dredaing requive-
ments would be more than double what they are now in the entire district. Bight
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 its 53 channel realinements
and five lock and dam complexes. These wiil require considerable dredging work
over the next few years, so there will be no shortage of work in the New Orleans
District.

By the way, in explaining delays to you, 1 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.

During 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
tc authorized dimensions, and funds not earned by the contractors were revoked.
So although work slippages are frequently due to cumbersome regulations and
in-house problems they have also been caused by the contractors themselves.

Let me close by making a prediction, and I think I'm on very firm ground
when [ make this one. We in the New Orleans District will always have plenty of
work for you in the dredging industry to do as we continue to provide the public
with the vital services necessary to keep cur 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 Tearn to Tive with the new regulations just as we have learned to
1ive with other cumbersome governmental processes such as project authorization
and design, and the advertisement, bidding, and awarding cof contracts. [ believe
that 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,
gconomical construction, and maintenance of our waterways in an environmentally
sound manner.

Thank you.
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CONSOLTDATION OF CONFINED DREDGED MATERTAL
Marian E. Poindexterl
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 comnsolidation are a major factor in the estimation of long-term storage
capacity.

This paper presents guidelines for estimatiom of gains in long-term
storage capacity resulting from settlements within the containment area. The
guidelines are based on conventional comsolidation theory modified 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.

leivil Engineer

U. S. Army Engineer
Waterways Experiment Station
Vicksburg, MS 39180
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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 projects, 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 faéility.

A methodology has been developed for estimating the long—term storage
capacity of dredged material containment areas.6 This methodology is based
on an initial correlaticm of the in situ sediment vold ratios and the void

ratios of material in the contaimment 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 conselidation 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 contalnment areas or evaluation of existing

gites.

Concepts of Containment Area Design

The design/analysis method presented herein was developed for and is
applicable to confined areas used for contaimment 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 1.

INFLUENT

:’> FPONDING DEFTH

'AREA FOR SEDIMENTATION

= FREEFBOARLD

COARSE-GRAINED ~

DREDGED MATERIAL

AREA FOR FINE-GRAINED

DREDGED MATERIAL STORAGE =FFLUENT

Pigure 1. Conceptual diagram of a dredged material containment area

The storage capacity of a containment area is defimed 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 Ilong-
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 comscolidation of the
compressible foundation soils. Since the consolidation process is slow,
especially in the case of fine-grained wmaterials, it is likely that total
settlement will nmot have occurred before the containment area 1s 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 Testing

Determination of containment area long-term storage capacity requires

estimation of settlements resulting from self-weight consolidation of newly
placed dredged material and consolidation of compressible foundation soils.
Consolidation test results, including time-consclidation data, must be ob-
tained in order to estimate the average void ratios at completion of 100
percent primary consolidation.

Dredged material

The consolidation testing procedure for dredged material samples
generally follows that for the fixed-ring test for conventional seils 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 contaimment
area. These consclidation samples must be representative of the fine-grained
portién 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 consclidation 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 ratic 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



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 mnor should air pockets be allowed to
form within the sample while the material is being placea in the ring.

For the dredged material comsolidation test, the initial load placed
on the comsolidation sample should not exceed 0.005 tsf. The relatively
low ipitial load 1s necessary to adequatelyldefine behavior at low effective
stresses. The seating load plus the compression load caused by the dial
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 bg 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 ro
determine if a higher maximum load increment is necessary.

Time-consolidation data should be examined while the test is in progress
to ensure that 100 percent primary comsolidation 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.
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Settlement Due to Consolidation

Dredged materizl

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:

_ GS -1
pf =172 Hdm‘rw 1+ eo (1

where

E} = average effective stress acting at midheight of the layer
of dredged material solids, psf
Hdm = thickness of the dredged material layer at completion of

the dredging operation, ft
Y = density of water = 62,4 pef
G = specific gravity of solids

e = average void ratio of dredged materizl at completion of
dredging

The initial thickness of the dredged material layer Hdm is a function
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
from sedimentation analyses.6 When evaluating the remaining long-term
storage capacity of existing sites, the surface area will be known and the
inirial 1lift thickness for a given disposal operation may be determined
directly. However, design of new contaimment areas to accommodate & 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 1s estimated using the following expression:

- e
eo f

dn 1 + e (2)
0

4H = H

where

AH = change in thickness of the layer at completion of primary
consolidation, ft

e, = average void ratio at completion of primary consolidation

The woid ratio ee corresponding to the effective stress ;f is

determined using an e-log p relationshir (Figure 2} which is obtained

VOID RATIO, e
T_m .

5f|

log p

Illustrative plot of void ratioc versus log of pressure

Figure 2.
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 vears, 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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Therefofe, a relationship for the time-rate of comsolidation must be developed

before the available storage capacity can be estimated. This will be discussed

later.

Foundation soils

Settlement of the foundation solls can be estimated by using conven-
tional soil mechanics principles. Specific considerations related to zon-
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.°

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 teotal 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 scils. 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 of each foundation soil stratum for a given
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load Ap can be estimated by the expression:

AH = H (3)

where

AH = change in thickness of layer at completion of primary
consolidation, ft

e. = initial void ratioc of soil layer at pressure pl
e, = final voild ratio of soil layer at pressure Py = Py + Ap

H = initial thickness of layer, ft
From the pressure-void ratio relationship developed from consoiidation tests
performed on the foundation soils, the values of e and e, are cbtained
as shown in Figure 3 using the average loads Py and Py existing before

and after the disposal operation, respectively.

e

VOID RATIO,

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 soil
stratum under a particular load Ap , the total settlement of the foundation

may be determined by summing the settlements of the individual soil strata.

Time-Rate of Consclidation

Since the consclidation 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 consclidation
of dredged material and consolidation of foundation soils. Values for the
coefficient of consolidation c, may be determined from the consolidation-
time data using the Log-Time Method.5 The values for v should be deter~
mined for each consolidation pressure used in the consclidation tests and a
grarh of ¢, Vversus consclidation pressure should be constructed as shown

in Figure 4. The coefficient of conseclidation <« corresponding to the

vf

O
-
ety

COEFFICIENT OF CONSOLIDATION, c,

PRESSURE, p

Figure 4. Tllustrative relationship of the coefficient of consolidation versus
consclidation pressure
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average effective stress at midheight of the layer under consideration can

then be determined using the graph,

Times required for an individual laver to reach various percentages of

ultimate consclidation U can be estimated using the following expression:

T A,

t = (144) (4)

u c

v

where

tu = time to reach degree of consclidation U , min

Tu = time factor for degree of ultimate consolidation, U (see
Figure 4)

Hd = effective drainage height, ft

Cor = coefficient of consolidation corresponding teo the average
effective stress at midheight of the layer, 102/min

Time factors for various percentages of total consolidation are shown

in Figure 5; the two curves are required since the distribution of pore
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Figure 5. Time factors for consolidation analysis (adapted from
NAVFAC DM-73)

pressures, and thus the rate of consolidation, are significantly different

for dredged material and foundation soils. Values for Hd will be equal to
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the total layer thickness 1f single drainage occurs or cne-half the layer

thickness of double dralnage prevails.

The sectlement of the layer at time t, may be estimated by the ex-~

pression:

_ U
AHt = 100 (AH) (5)
u
where
QHt = settlement of the layer at time t, ’ ft
u

Using the settlement values AHt calculated, a curve representing the
u
time—settlement relaticonship can be constructed for sach layer as shown in

Figure 6. By combining the time-settlement curves for the dredged material
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Figure 6. Illustrative time-settlement relationships

and foundation soil{s), the time-total settlement relationship resulting from
placement of a single 1iff of dredged material can be cobtained. Using

this curve, the long-term storage capacity versus time relationship for =a
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single lift or the short-term storage capacity versus time relationship for
sequential 1ifts can be estimated. The effects of surface drying on storage

capacity must be separately determined as described in Reference 1.

Placement of Sequential Lifts

Estimates of settlement caused by placement of subsequent lifts of
dredged material should consider the continued consolidation of previously
placed 1ifts 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 layver,

Storage Capacity - Time Relationship

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 1ifts combined as shown in Figure 7. Such data

1 MAXIMUM ALLOWABLE
| HEIGHT -._
.
i i/
; MAXIMUM
; SERVICE

DREDGED MATERIAL ; o LIFE
SURFACE HEIGHT_“\ -/” :

DREDGING PHASE —— & |
SETTLEMENT PHASE ---- %

HEIGHT OF DREDGED MATERIAL SURFACE —W=

TIME !

Figure 7. Projected surface height for determination of containment
service life
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may be used for preliminary estimates of the long-term service life of 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-
quirements.6 The maximﬁm dike height as determined by foundation conditiouns
or other comstraints 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
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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 tc anticipated dewatering or material removal

should alsc 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-raﬁge projecticns 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 projectiocns.

Mathematical Model

A computer model has been developed to assist in the degign/analysis of
dredged material containment areas.2 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 life.
These complex computations can be done more efficlently using the computer
model.

Model capabilities

This model is applicable to flooded containment areas for determination
of the settlement resulting from primary comsolidation 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 (1-D) primary consolidation. A special explicit

fipnite difference numerical technique was applied to solve the 1-D differen~

tial equation for primary consolidation. The numerical technique permits



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 afeas. 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 varipus 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 foundatiom 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
consclidation behavior of the soil system for each disposal operation, and
(b) the initial excess pore pressures are input from a data file.2 The
dredged material deposited during the previous disposal operation should be
treated as the surface laver of the foundation soils (with constant con-
solidation parameters) for the current disposal operation,

Applications

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 known. If the surface area is known,
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then the initial dredged material 1lift 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 thege parameters can
be determined.

In 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 f{ounda-
tion scoils; 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 1ifts of dredged material in which the
time required for the disposal operations and/or the time between operations
may vary significantly.

The design of a new contaimment area for which the surface area of the
slte is not a fixed parameter requires a procedure of trials for which the
computer model is invaluable. In this design situvation, the known parameters
such as required contaimment 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 while 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 will
change as will the anticipated settlement resulting from the loading caused
by the dredged material. This in turn will cause variation in the service
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 contaimnment areas. This procedure for contain-
ment area design/analysis is based om evaluation of the engineering properties
of dredged material and foundation soils. Conventional consolidation theorv
modified for dredged material behavior is used and permits consideration of
the time-rate of consolidation, A computer mcdel 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

L . . - .2
coefficient of consolidation, in"/min

coefficieng of consolidation corresponding to average effective
stress, in*/min

average void ratio at completion of primary consolidation
average void ratio of dredged material at completion of dredging
void ratio of so0il layer at pressure Py

void ratio of soil layer at pressure Py = P + Ap

specific gravity of solids

initial thickness of layer, ft

effective drainage height, ft

thickness of dredged material layer at completion of the dredging
operation, ft

. . 2
consolidation pressure or overburden pressure, 1b/ft

average effective stress acting at midheight of the dredged material
layer, 1b/ft?

time required to reach degree of consclidation U , min

time factor for degree of ultimate consolidation U

" degree of ultimate consolidaticn, percent

unit weight of water, lb/ft3

settlement (change in thickness) of the laver at completion of
primary consolidation, ft

settlement of the laver at time tu , ft

"
increase in loading {change in consolidation pressure), 1b/ft”
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STARILITY OF RETAINING DIKES FOR CONTATINMENT
OF DREDGED MATERIAL

By D. P. Hammerl

ABSTRACT

Past experience with retaining dikes has indicated wany preblems
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 (1) inadequate shear resistance of em-
bankment and/or foundation, (2) excessive uniform settlement, (3) dif-
ferential settlement, (4) seepage, and (5) surface erosion (slope 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 essentially
permanent pool, whereas most levees have water against them only for
relatively short pericds of time, and (b) the location of a retaining
dike will wsually he established by factors other than foundation con-
ditions and available borrow material {i.e., proximity to dredge, only
land avallable, etc.) from which there will be little deviationm.

In their review of Corps of Engineers (CE) design and construction
procedures for retaining dikes, Murphy and Zeigler (4) concluded that
there is normally little effort expended in the design of most retaining
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 was
not likely to be altered due to any particular foundation and/or dike
material properties. Consequently, the selection of dike dimensions and
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, frequent failures 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 inte 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 hzan
reported (4). 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 failure
decreased. Small dikes constructed in areas where design experience 1as
been gained through actual dike conmstruction will obvicusly require lass

design consideration than large dikes to be constructed in unfamiliarv
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areas. TFactors which will affect dike height and geometric configura-
tion that should be considered during design are: (a) containment arca
capacity and operational requirements: (b) foundation conditions;

(¢} available construction materials; (d) construction methods: anc

(e) dike stability with Yespect to shear strength, seepage, seltlement,
and erosion. This paper ig primarily concerned with the last item. A
complete treatment of the design and construction of retaining dikes is

given by Hammer and Blackburn (2).
FIELD AND LABORATORY INVESTIGATIONS

The importance of an adequate field and laboratory investigation to
determine what types of materiasls exist and what their engineering proper-
ties are cannot be overemphasized. TIn fact, available material at a
site to serve as a foundation and/or of which the embankment will be
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 compatible with prevailing founda-
tion conditions. Available disposal sites are normally lands not zconom-
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 previous—
1y deposited dredged material often consisting of soils having very poor
engineering qualities.

Since dike comstruction requiring the use of material from inside
the disposal area and/or immediately adjacent borrow areas is often an

economic necesgsity, initial dike heights 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 meore desirable borrow is available, its use can
result in a lower comstruction cost if one or more of the above items
can be eliminated (i.e., a smaller section, less expensive required
foundat ion treatment, etc.). However, the use of select borrow does not
alleviate instability problems to any great degree if the foundation is
of poor quality and extends to depths that make simple foundation treat-
ment such as excavation and replacement impracticable. 1Im 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 resulc of
subsurface conditions that were not discovered during design because o=
inadequate soils investigations. These failures were commenly charac-
terized by embankment slides, excessive settlement, detrimental seepage,
and other phenomena. FEven though 1t is recognized that no matter how
complete an exploration program may be, 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, imperarive that in order
to attain an adequate dike design, a reascnably representative ccncept
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 ig contained

in Reference 2.
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EMBANKMENT AND FOUNDATION SHEARING RESISTANCE

Shear failures in retaining dikes are the result of overstressing
the embankment and/or foﬁndation materials. Low shear strengths in the
dike andfur foundation (often coupled with secpage 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 damagc
to a sewage treatment plant caused by escape of the previously confined
dredged material.

MHke failures from inadequate shear strength have occurred that
involve the dike alone and that involve both the dike and the foundation.
Failures within & 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 Figure 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 [oundatlon preparation, under-seepage effects, or
construction techniques that allow scft 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 3). 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 section

b. Flooded sewage treatment plant

Fig. 1. Retaining dike failure resulting
in flooding of a nearby secwage treatment
plant (Philadelphia District)
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a. PHOTO OF FAILURE

DIRECTION OF SLIDING

-

FAILURE SURFACE ORIGINAL SLOPE

b. CROSS SECTION OF FAILURE

FIG. 2.-~Rotaticnal Failure in Dike
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a, PRCTO OF FAILURE WHERE SLIDING TOOK FLACE

AT EMBANKMENT/FOUNDATION CONTACT

DIRECTION OF SLIDING

P

FAILURE SURFACE

b. CROS5 SECTION OF FAILURE

FIG. 3.--Translatory Failure in Dike
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a. ROTATION OF MATERIAL BE_Y_OND OIKE TOE

DIRECTION OF SLIDING

Y

- FAlLURE SURFACE

RELATIVEILLY HOMIOIGENEGLE
FOUNDATION

b, CRCSS SECTION OF FA LURE

FIG. h.~--Rotational Failure Involving Both Dike and Foundation
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strength being the usual cause of failure. A translatory or wedge-type
failure can also cccur 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 foundation.

METHODS OF ANALYSIS

The principal methods used to analyze dike embankments for stabilitv
with respect to shear failure are conventional limit equilibrium analys.s
that assume either a sliding surface having the shape of a circular arc
or a composite failure surface composed of a long horizontal plane
connecting with diagonal plane surfaces up through the embankment and
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 greatly
reduced and primary attention can be devoted to defining shear strenyths,
unit weights, geometry, and loading conditions. It 1is recommended that
results of all computer analyses yielding minimum factors of safety be
checked manually.

There are several methods of limit equilibrium analyses available
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 methed used. Johnson (3} and Wright (153
gummarize 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 1110-2-1902 (7) as well as most soil

mechanics textbooks.,
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u \\<4ﬂ0RKﬂNALSLOPE
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STRATIFIED FOUNDATION
CONTAINING ONE OR MORE
WEAK LAYERS

PIG. 5.-=Translatory Failure in Dike and Foundation



The infinite slope method of analysis can be applied to dikes composed
of cohesionless materials. For slopes without seepage, the factor of

safety, FS, with respect to sliding in the cohesionless material is

given by:
tan ¢ .
Fs = -8n.% ~,
5 tan B (1)
whare
¢ = angle of internal friction of soil

Ta
1

slope angle

For dikes composed of cohesionless material subjected to a condition of
steady seepage with the phreatic surface coincident with the outer

slope, the factor of safety can be approximated by!:

tan @§/2 25

S = tan B

Slope stability charts that provide solutions to certain slope
stability problems are presented by Taylor (10). Although these solutions
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 scft c¢clay without
the use of more sophisticated stability analyses can be made by emplov—
ing bearing capacity equations and an influence chart. Although approxi-

mate, this analysis can provide answers suitable for preliminary estimates
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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 soft

clays is presented by Hammer and Blackburn (2), but basically the equation:
94

H=T (3)

where
B = dike height
Y = unit weight of embankment material
9, = 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 constructicn, 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. 1In any case, it is imperative that the conditions

analyzed be these that most nearly match actual field conditions. In
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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 be
subjected. The following paragraphs contain a discussion of each of the
conditions mentioned.

For most dikes constructed on foundations of soft, weak materials orv
on foundations containing a weak stratum in an otherwise strong founda-
tion, the meost crit%cal period involving failure due to inadequate shear
strength is at the end of construction. This is because at this time
the material is usually in its weakest state, not having had time to
consclidate and gain strength under the imposed loading condizicna.
Consequently, all dikes should be checked for stability during the end
of construction condition. Analysis for the end of construction con-
dition is applicable to both interior and exterior slopes. The erffects
of underseepage and resulting hydrostatic uplift pressure acting in
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 semipervious and pervicus 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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DIKE

PHREATIC (SEEPAGE]
SURFACE

!: DISPOSAL AREA

SEEFAGE —=-

FIG. f.--Dike Subjected to Steady-State Seepage Condition
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with a considerable depth of dredged material in the disposal area anc
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 levels
from adiacent streams or from high tides. If the water level then falls
faster than the material can drain, excess pore water pressures and un-
balanced seepage forces result. This phenomenon is termed sudden draw-
down. In performing an analysis for the sudden drawdown condition, it is
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 sectionm 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 dike 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. 1In the past, scil strengths for dike design have
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b. DIKE SUBJECTED TO TIDAL FLUCTUATIONS

FIG, 7.~-8ituations Conducive t¢ a Sudden Drawdown 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 be
determined from reliable laboratory and field test data. This by no
means rules out the use of experience. Experience with respect to shear
strengths shcould continue to play a vital rele in dike design, hut as &
supplementary rather than a primary means of shear strength determinstjcn.
Type strengths (i.e., unconsolidated-undrained, consolidated-undraincd,
and consolidated-drained) applicable for each condition of analysis
previously discussed are given in Table 1. A comprehensive treatment of

soil shear strength determination can be found in Reference 2.
RECOMMENDED 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 amalysis. The
factors of safety given in Table 1 are applicable to dikes less than
30 ft in height where the consequences of fallure 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 1 of Engineer

Manual 1110~2-1902 (7) should he used.
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Table 1

Applicable Shear Strengths and Recommended

Minimum Factors of Safety”

Shear Strength Minimum Factor
Free- of Safety™
Impervicus Draining Slope Main Appurtenant
Condition Soilg™* Soils Analyzed  Dikes Dikes
End of construction uu CDh Exterior 1.3% 1.3
and
interior
Steady seepage uu, cutt CD Exterior 1.3 1.2
Sudden drawdown pu, cutt 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 crireria given in Table 1 of Engineer Manual 1110-2-1902 (7).

wk
For low-plasticity silt where consolidation is expected to occur

rather quickly, the CU strength may be used in lieu of the UU strength.

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 0.1.

o 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 foundaticn 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 foumdation can be and often is the decisive
factor in determining the feasibility of constructing a retaining dize.
Since suitable areas for disposal of dredged material are usually limited,
retaining dikes must be so aligned as to make optimum use of the dis-
posal area, often without regard to foundation conditions. Thus, dize
foundations must "sometimes be improved in order that the dike may be
built. Economically feasible methods of improving dike foundations are
limited, but it should be recognized that the economic justification of
a given method is not an abseclute 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 feasible
only where deposits of unsuitable material are not excessively decp
{(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. Where backfilling
is to be accomplished in the wet, only coarse-grained material should buo
considered for use as backfill, The amount cf excavation need not
always be under the entire section or to full depth of soft material,
but can be partial if determined by stability analyses to be appropriate.
Some sections successfully used in the past to prevent horizontal sliding

of the embankment are shown in Figure 8.
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DIKE

MATERIAL EXCAVATED
AND REFPLACED BY MORE
SUITABLE MATERIAL

UNDESIRABLE
MATERIAL

FIRM BASE

a. COMPLETE EXCAVATION AND REPLACEMENT

bh. PARTIAL EXCAVATION AND REFPLACEMENT

FIG. 8.--Typleal Use of Excavation and Replacement
Method to Improve Dike 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, the
cost of their removal may not be justified, and a dike having adequarte
stability can be constructed by end-dumping fill and utilizing its
weight to displace the undesirable material. It is desirable to use
this method where a firm bottom exists at a reasonably shallow depth; it
has, however, beeg 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 be
that necessary to stabilize the embankment at the desired height
(Figure 9). However, use of the displacement methed in the latter case
does increase the likelihood of post-construction settlement. Due to
the construction techniques required to successfully use this methoed, 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 fili
along the desired alignment by end-dumping and pushing fill over onto
the soft material with dozers, thus continually building up the £111
until its weight displaces the foundation soils to the sides and in
front of the fill. By continuing this operation, the dike can finally
be brought to grade. Since this method involves the encouragemeni: 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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FIG., 9.-=Final Dike Secticns After Disvlacement
of Soft Foundation Material
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fill should be advanced with a V-shaped leading edge so that the cernter
of the fill is always the most advanced, thereby displacing the soft
material to both sides (Figure 10)}. This will greatly lessen the chancus
of trapping soft material beneath the f£ill. 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 be
removed.

Improving dike stability by stage construction refers to the building
of an embankment in increments or stages of time., This method is used
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 £1i1l. 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. Obviocusly, this method 1s most
appropriate for foundations that consolidate rather rapidly and works
best for clay deposits interspersed with continuous seams of pervious
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 carn, in many
cases, coincide with the f£illing 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 time should

be made as described in Reference 2. Also, it is hipghly desirable to

275



MUD WA VES

S LFILL ey
y MATERIAL. -

[ D
. "'”/,"/
TTTe—— T T——— ——_
—_——————
a. PLAN

(2

—— - == - \
FILL MATERIAL , o \ oo
P, TR , | .
— e _ _/ I . ; % .\
. ' \ NN SOFT FOUNDATION
/ \ \ . MATERIAL
_'_..—-'_f-__-.-__ —-__-_‘_‘_—-_».-_‘

b. PROFHE

FIG. 10--Advencement of Fill Using Lnd-dumping and Displacement Technique
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install piezometers to monitor the dissipation of pore water pressures.
Disadvantages of this method include the need for separate construction
contracts and uncertainties with respect to the gain in strength witn
time.

In seismically active areas, the possibility of liquefaction of
loose sand deposits in dike foundations may have to be considered.

Since methods for densifyving 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 foundation 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 concenirate
additional weight where it is needed most and force a substantial increase
in the potential failure surface. Thus, berms can be an effective means
of stabilization, not only 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 stability

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
Jjust 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 arca
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 stabilitw
failures may be detected and measures taken to improve the stability of
the section prior to failure. Lateral movement of slopes, slight sinking
of the crest, or heave near the toe, as well as development of tension
cracks, can give advance warning of failure. Since most failures begin
slowly, early detection and immediate corrective action can often prevent
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 [oundation, the process of
rebuilding is often more difficult than initial construction because
many soft clays are sensitive and their remolded strengths are often
much less than their initial shear strengths. 1t is good practice aftcer
a failure to allow time for some consolidation and resulting gain in
shear strength before attempting to rebuild. This will give the remolded
clay time at least to partially overcome the effects 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 should be
done as slowly as possible with the entire area brought up together

rather than building t¢ full height in sections.
SEEPAGE

Uncontrolled seepage will occur through earth dikes and [oundat o
consisting of pervious or semipervious material uniess prevented by
positive means such as impervious linings, blankets, or cutoffs. Scepage
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 foundation
through increased pore pressure or by the introduction of scepage forces,
A dike failure caused by uncontrolled seepage is shown in Figure L1. The
conditions given in the following paragraphs may create or contribute to
seepage problems in retention dikes.

Dikes with steep slopes composed of coarsc—grained pervious materiazls

or fine—grained silt. 1In this case the seepage line through the emhankment

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 horizentel
line at the ponding surface elevation, thus creating an even more scvere
stability proeblem (Figure 12).

Dikes built on pervicus foundation materials or where pervious materfials

This is a common condition where dikes are constructed by dragline using
an adjacent borrow ditch. 1In this casa surface or near-surface peat zrd

other fibrous materials are included as pervious foundation materials.
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FIG. 11--bike Failure Caused By Uncontrolled Seepage
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This condition may lead to the development of large uplift pressures
beneath and at the outer toe of the dike, causing overall instabilitv
from inadequate shear strength or may result in piping near the embank-

ment base.

Dikes constructed by casting methods with little or no compaction.

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 seepage paths along the plane between the foundatior.

and the dike. Thisg can occur when the dike base and foundation surface

are not properly bonded together. Seepage occcurring at this point can
result in piping of the embankment material along the base of the dike
or the development of high uplift pressures, either of which can eventu-
ally cause failure of the embankment,

The existence of seepage paths along the contact between structures

within the dike and the dike. This condition can be caused by inadequate

compaction of dike materials against structures, shrinkage of material
adjacent to structures, or differential settlement. As in previous
cases, piping of the dike material usually results and normally leads to

breaching of the dike.
METHODS OF ANALYSIS

Seepage analyses for dikes will primarily consist of determination
of the position of the seepage line (or phreatic surface) within the
dike irself, determination of uplift pressures resulting from foundation
underseepage, and, to a lesser degree, determination of the quantity of
flow. Several mathematical and graphical methods are available for

these determinations. Reference 14 and Cedegren (1) 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. 184 of Refcrence 10. A chart for estimat—
ing the time required for the development of the seepage line of an
embankment is given by Cedegren (1, p. 253). Once the position of the
seepage line is determined, it should be compared with the location cf
the ocuter slope line to determine if measures are needed to avoid the
emergence of seepage on the outer slope, Uplift pressures should be
applied in the stability analyses and either the design made to take
such pressures into account or steps taken to reduce the uplift pressures
to acceptable values. Flow quantities are needed to design and size
exterior ditches to handle the water. This is often required where the
dike or parts of the dike are designed as filtration devices for the
dredged material. The references previously given also contain guidance
on the design of filters to avoid piping. The phenomenon of piping
cannot be analyzed theoretically, but conditions conducive to it, such

as high gradients, can be determined by theoretical means.

SEEPAGE CONTIROL

Seepage through retention dikes constructed of pervious or semipervious
materials may be controlled by placement of an impervious barrier on the
interior dike slope to restrict flow. This barrier may consist of a
layer of impervious soil or polyethylene sheeting. Impervious so0il
barriers should be a minimum of 3 ft in thickness and thoroughly comapcted.
Sheeting placed for this purpose gshould have a2 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 plastics
have also shown possibilities in the control of through-seepage. Experience
in the Philadelpitria District, CE, has shown that for perviocus 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 veids. 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 1lifts 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 perviocus 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 beneficial
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 shcould be placed at or near the interior dike
toe rather than under the dike center line.
To prevent piping of foundation materials, it is recommended that
the exit gradient have a safety factor of at least 1.5 when compared
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 forces
is also recommended for failure due to uplift of semipervious or impervicus
top strata (Figure 13). Larger safety factors may be required where the
consequences of dike failure are great. The scepage path may be lengthened
by berms, impervious blankets, and/or flattening of exterior dike sloves.
Seepage problems at the contact between a sluice and the dike may be
avoided by ensuring that adequate compaction of the dike material is oh-
tained at the contact. Also, it {s desirable to use material on the wet
side of optimum to increase its plasticity, thereby increasing its
resistance to cracking and the formation of seepage paths. It is alsc
desirable to install impervious seepage fins extending from the structur:
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 3.
Proper clearing and preparing of the dike foundation to receive the
newly constructed dike can prevent problems caused by seepage paths betweon
the ground surface and dike. In areas with very soft foundations where
marsh grass and root mats are to be left in place for stability, measures
previously discussed should be taken to reduce or block seepage through
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 dike resul:c-

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 defeormation of foundation materials. Like uncontrolled seepage,
settlement of dikes can result in failure of the dike, but mere likely
will serve to precipitate failure by another mode such as seepage or
shear failure. Distress from settlemcnt usually takes some time to
develop as consolidation, shrinkage, and lateral deformation are time-
dependent, directly related to the soil permeability and leading. Some
lateral deformation can occur quickly, however, such as during construc-
tion (particularly in relation to the displacement method of construction).
Settlement problems in dikes are almost always related to fine-grained
50il 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 defeormation (sometimes referred to
as creep) of soft foundation soils. Excessive uniform settlement can
cause a losgs in containment area capacity due to less of dike height

(Figure 14). Differential settlement can result in cracking of the
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dike, which can lead to a shear or piping failure. This is an especially
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 differential
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. FEmbank~
ment shrinkage in dikes built with fine-grained cchesive material by
hydraulic or cast methods can result in volume reductions as high as

30 percent (11). 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 cut of water, as occurs with

consolidaticn, although both result in a loss of velume,

SETTLEMENT ANALYSES

Where estimates of amount of time and total settlement are needed, a
conventional analysis such as that contained in Engineer Manual 1110-
2-1904 (6) or in various textbooks on soil mechanics is recommended.
NAVFAC DM-7 (5) is also recommended for guidance in performing settlement
analyses. In order for an estimate of settlement 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 consolidaticn test, and the drainage
conditions must be well defined. Unfortunately, the above conditions

are often not satisfied with respect to dike materials or dredged material,
However, theoretical analyses are still applicable, even though in many

cases they are somewhat inexact.

UNIFORM SETTLEMENT

For most earth structures on compressible foundations, uniform
settlement resulting from consclidation 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 respect
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 of
the retaining area. For dikes on compressible foundations, this fact
should be verified, however. This can be done by performing settlement
analyses for both the dike foundation and the containment area f(using
projected filling rates) and comparing the amount and rate of settlement
of each. 1If 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 to
raise the dike back to the original design grade at a later date fi.e., use
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 réally net 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 sclution, 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 usualiy 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, this

small amount of volume decrease can be compensated for by overbuilding.
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Estimating the reduction in volume of uncompacted f£ill (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 coverage
during shaping, etc.). Estimates of reduction in volume of uncompacted
£fi11l should generally be based on knowledge of the previcusly mentioned
factors and experience with fills built of similar materials and by
similar construction procedures. In the absence of any supporting data,
a reduction in volume of 15 to 20 percent should be applied for uncompacied
£111.

The compressibility of hydraulic fill containing stiff cohesive soil
results primarily from deformation of the clay lumps, while the rate of
consolidation is determined by the characteristics of the matrix surrour-
ding the clay lumps. Hydraulic fills containing soft cohesive soil are
highly compressible, but again, the rate of consolidation is dependent
on the matrix material. Consolidation uf 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.,

DIFFERENT IAL 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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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
{1V on 4H minimum) where excavations (usually for structures) are invelved:
and (c) specifying good compaction procedures and more plastic embankment

materials adjacent to structures.

LATERAL MOVEMENT

In some cases where extremely poor foundation conditions are encoun-—
tered, settlement due to lateral movement of foundation materials may
also warrant consideration. Experience with instrumented test sections
in the Atchafalaya Basin, Louisiana, 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 foundation
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 comstructed with safety factors of about 1.1
indicated as much as 50 percent of observed settlement was due to
lateral movement of foundation materials. Experience from the Atchafalava
Basin Floodway has shown that overbuilding should not be considered as a
solution for lateral spreading as the additional load from overbuilding
will generally tend to aggravate the problem rather than help solve irt.
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)0
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SURFACE EROSION

Retaining dike failures can be initiated by the effects ol wind,
rain, waves, and currents that can cause deterioration of interinr =wud
exterior dike slopes. The exterior slopes of dikes subject to constanal
or intermittent wave and/or current actien of tidal or flood watars arc
generally exposed to the most severe erosion. However, interior dike
sloves may also be subjected to this type of erosion, particularly in
large confinement areas during periods of high discharges from disposal
operations. Dikes adjacent to navigable rivers and harbors are ilso
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 immediately damaging
as wave and current action, they can gradually cause extensive damage Lo
the dike section, particularly dikes composed of coarse—-grained zohesion-
less materials.

Normal disposal operations can cause erosion of interior dike slopes
from pipeline discharge and to exterior slopes at outlet structures.
Improper and/or poorly supervised operations of this type can cause iik:
failure. The pipeliﬁe discharge of dredged material is a powerful
eroding agent, particularly if the flow is not dispersed. When straight
discharge is employed, a depression as shown in Figure 17 is formed at
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 slopes
if the discharge is located too close to the dike {(Figure 18). Likewisr,
location of weir inlets toco close to the dike can cause efosion of

interior dike slopes. Also, disposal areas are occasionally nagligently
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overfilled to the point of overtopping the dike. When this occurs,
severe damage to the dike can result from erosion 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 and possibly rheir
interior slopes. For dikes where the consequences of failure would e
so severe as to be intolerable, slope proteclion must be designed to
prevent failure under the worst foreseeable conditions. Where failures
can be tolerated, the expense and degree of protection must be weighzad
against the expense and frequency of repairing failures. Generally, it
will be more desirable to provide adequate protection rather than suffer
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 sub-
stantial, such as massive stone or concrete revetments to prevent dawnage
“rom storm waves such as that shown in Figure 20. Since the conditioms
affecting design of retaining dikes are widely varied, the design of
slope protection for each structure must be considered on an individaal
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 gently
sloping beach, as shown in Figure 21, may be used to protect the dike

against wave acticn. Gently sloping beaches are cffective since wave
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energy is dissipated by runup on the fiat slope. This type of protection
is of particular interest for use as protection on exterior slopes of
dikes that are adjacent to large bodies of water and continuously ex-
perience wave action. Where the material and space are available, flat
beaches are often far more wconomical than riprap, particularly it lony
haul distances are involved for transportation of the riprap. Another
consideration in favor of flat beaches is that for dikes constructed of
pumped hydraulic fill, flat slopes normally result anyway. Design of
flat beaches should be based on a study of nearby existing beaches with
gimilar controlling conditions. A slope of 1V on 10H should be suitable
for preliminary design. It should be recognized that partial or complcte
replacement by riprap or other means may be necessary in certain arcas
such as at structures within the embankment or areas subjected to particu-
larly severe wave or current action. Guidance for use in the design of
flat beaches may be obtained from the Coastal Engineering Research

Center (CERC) publication, ''Shore Protection Manual™ (12).

RIPRAP

Quarry-run riprap or graded stome riprap placed over a crushed stone
bedding material (filter) or filter cloth is the most commonly used
method of substantial slope protection against wave and current erosion.
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; (¢) the
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 Protection
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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 should
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 this will be the dike crest and a minimum of 2 to 3 ft

below water, respectively (Figure 23).

OTHER METHODS

Although riprap is the most common method of substantial slope
protection, other methods should be considered to determine which is the
most feasible and ecomomical. 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 slope

protection more feasible. Other available methods of slope proteciton

include {(a) grout-filled nylon revetments (FABRIFORM, VSL, HYDROMAT, etc.}

(b) interlocking concrete blocks (LOK-GRAD), (c) concrete paving,

(d) sacked concrete, (e) stone-filled wire mesh baskets (GABIONS),
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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 i3 common, dikes of cohesionless material will
be less susceptib%e to damage than those of cohesive materials. Cohesion-
less material subject only to effects of weathering may best be protected
by establishing a vegetatlve cover. Often a layer of topsoil is necessary
to establish such growth, along with a light cover of emulsified asphalt
or mulch to prevent erosion until such time as the vegetation is established.
The Mobile District, CE, has successfully protected sand dikes from
erosion caused 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., Polvethylene sheeting can also
be used on exterior slopes on a short-term basis where erosive forces
are not too severe. Disadvantages 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 bevond the dike toe. In addition, a diffuscr

should be used to dissipate as much energy as possible. Also, a trench

304



!“A DRAIN PIPE

!
|

-—---"'"’.

-
I T T

CONTAINMENT AREA A

a. PLAN

PVC PIPE

DREDGED MATERIAL

b. SECTION A-A

FIG. 2L,-~Protection of Jand Slopes From
Slopewash Due to Rainfall

305



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). 1f, 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 sheuld be cut to
allow ready escape of discharge water away from the dike toe., Where
spillway outlets are used, special consideration 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 the
disposal area can oanly 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 persomnel.
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FIG. 25.--Channelization Along Dike Toe
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APPENDIX II-NCTATION
The following symbols are used in this paper:

consolidated-drained

CD
CU = conseclidated-undrained
F3 = factor of safety
H = dike height
% = ultimate bearing capacity
UU = unconsolidated-undrained
B = slope angle
= unit weight of embarkment material

¢ = angle of internal friction of soil

310



L ABORATORY DETERMINATION OF BULKING FACTORS

Frank DiGeorge], J. B. Herbichz, and W. A, Dun]ap3
ABSTRACT

This paper presents the results of a laboratory determination of bulking
factors for 27 different soil samples representing a variety of consol idated
sandy and silty clays typical to the Texas coastal area. The laboratory
methodology is similar to that recommended by lacasse, et al., 1577, but in-
cludes the use of a special impeller to simulate the dredging process in
preparing $0il 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 investigated.
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 factcrs
tend to increase with increasing h/d ratios, where h is the height of slurry
initially placed in the cylinder, and d is the cylinder diameter. Equaticns
derived from the data are presented, and relate bulking 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

+ 18% to + 30%.
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[. INTRODUCTION

Background

The maintenance of minimum water depth for safe navigation in U,S.
harbors and navigable waters is a multi-million dollar endeavor invel-
ving the removal by dredging of approximately 380,000,000 cubic yards
of sediment annually (1), 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 meeting its responsibility of maintaining
and improving U.S. navigabie waters. One of the factors is the steadily
rising concern for environmental protection and the realization that open
water disposal of poliuted dredged material may release harmful pollu-
tants into the water column, adversely affecting marine 1ife and water
quality. 1In 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
potluted dredged material 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" (1).
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 wildiife. On the other hand, cost of disposal in confinement
areas may vary from five to fifteen times as much as open-water disposal.

The method may also destroy valuable wetlands, and the Tand surroundirg the
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highly industrialized environment of U.S. ports may be far too expensive to
use for dredged material containment (2, 3). These factors combine to rose

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 long range use of the selected areas becomes critical, and a
hew array of problems comes into focus. One of these problems, and the
one with which this investigation deais, is the change in votume, 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-
pansion of the soil {4). This increase in velume is accompanied by an
increase in the void ratio and water content of the soil (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 place-
meht of additional weight above it in a containment area. However, in
the case of silts and clay soils, 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
soi1 is the dimensionless 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
Titerature impTies that such variables as dredge system efficiency and

long term consolidation are included in the factor. The following
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equations are presented from reference 7:

v
B=—-—‘5(1a)
Y

Yd-i
B=*_Yd—'.............................(]-b)
C

w. G+ 100
B=;E:'G'§*T-I—OU—-........................(1-'(1)
i’s

where B = bulking factor; VC = volume in containment area; Vi = yolume

in situ; Yy, T dry density in situ; Yd = dry density in containment
i €

area; w, = water content in the containment area; W, = water content

in situs and GS = specific gravity of the solids. Equation 1-¢ is
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 volume occupied

by the dredged material in the containment area, the bulking factor

for the soil 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 Titerature, government agencies and private con-
tractors involved in dredging operations rely heavily on practical
experience to predict bulking or sizing factors. There has been much
dissatisfaction or uncertainty expressed in regard to those factors
commonly employed for clay or silty-clay soils. These factors have
historically resulted in undersizing areas by as much as 50% or over-
sizing them by as much as 100% (]0)_ This problem is partially related

to the wide range of clay soil characteristics, and the close relation-
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ship between the behavior of clay and the dredging system utilized to
move it. Once dredged material is in suspension, its settlement charac-
teristics are a function 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 Timiting concentratior,
above which increased concentration has little effect. Those clay
particles suspended in fresh water tend to vemain in suspension until
211 water motion ceases, and then settle very slowly to the bottom where
they accumulate as sediments. As water salinity approaches 14 O/oo, the
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 cf the clay particles from negative to positive.
These clay particles with positive surface charges tend to aggregate
with clay particles having negative surface charges, forming flocculants
which rapidly settle out of suspension (11).

As turbulence increases, so does flocculation due to the increased
opportunity for collisions between particles; turbulence also has a
1imiting value 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% to 30% solids by weight, increases in concentration tend
to reduce particle movement. increase excessive pore-water pressure,
and reduce flocculation (12). Prediction of bulking factors for clay
is further complicated by the fact that some clay particles tend to

remain in clods, depending on tne dredging method. These clods are
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transported as a "bed load" in the pipeline, exiting the 1ine as clay
balls. These clay balls do not contribute significantly to the bulking
characteristics of clay, thus the percentage of clay so transported
directly influences the bulking factor (13, 7, 14).

Another problem associated with the use of containment areas is
that a horizontal sorting of the dredued 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 sorting appears 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 (15, 16).

State of The Art

The previous section implies that the sizing factor which must be
empioyed to accurately predict the volume required for the containment
of a given volume of in situ 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 (14), Variahles not directly related to
the soil include the method of dredging, dredge efficiency, soil losses
within the dredging and containment systems. water salinity, and long
range climatic conditions in the area. In addition, the height of

material to be placed in a containment area is directly related to the
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Tong—term settlement of the dredged material as well as consolidation
of the underlying soil.

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 excellent 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
implies that the use of a single factor for all silts or all clays has
proven unsatisfactory. The need for sizing factors related to soil
characteristics more descriptive than merely sand, clay, or silt is

apparent.

Previous Investigations

Baltimore Harbor, 1961.— Prior to the placement of dredged material

in a Baltimore Harbor containment area in 1962, the Baltimore District
Office of the Corps of Engineers conducted a series 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 shouid 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,
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Range of Sizing and Bulking Factor Values

TABLE I

(5, 6, 7)

Sizing Bulking

Port & Harbor Technical
Research Institute, Tokyo
(based on laboratory tests)
(12,17)

Sand and $ilt

0.7 -0.9 1.3

Soi1
Source Type Factors* Factors™
}
i

Various U.S. Army Corps of Sand .56-1.3 1.0-1.3 i
Engineer Districts (based on :
experience} {12,17) Silt 5 -1.35 1.0-2.0

Clay 1.0 -2.0  1.8-2.0
John Huston, Hydraulic Dredg- Sand 1.0 i
ing (based on experience);
use a weighted average for Silt 1.45
mixed s0il types (17)

Clay 2.0

Sandy Clay 1.25

Rock and Gravel 1.75
Japan Dredging & Reclama- Sand 1.0
tion Engineering Associa-
tion, Tokyo (based on exper-  Silt 1.3 -1.6
ience and laboratory tests)
(12,17) Clay 2.0

*Factors such as settlement and dredging efficiency taken into account.

+Bu]k1ng factors only - no coensideration given to long-term settlement.
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Bulking Factors Based on Sail Types and Equation 1-b

TABLE TII

" Unit Weight

(16, 17)

Bulking Facters

Material 3 kN . :
(100% mod. AASHQO) yd_(1bs/ft 1{(10) Ty (1bs/ft”)(19) (Equation 1-t;
i c
i
Clay 105 30-78 1.3-3.5
Sandy Clay 60-135 :
Silt (inorganic) 80-118 65-82 1.2-1.4 i
Sand g83-118 93 .9-1.3 %
Gravel 110 g
Quartz Rock 165 93 1.8 I
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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
Titer was selected based on experience, and the material was placed =n
the 12and 24-foot-high cylinders in six-foot 1ifts. The supernatant
Tiquid was drawn off after four days and a second 1ift of material
placed in the cylinders. On the 27th day, the supernatent liquid was
again removed and a third 1ift placed in the 24 foot-high tube. The
cylinders were observed for a period of 500 days. The material testec
had a void ratio of 3.473 to 6.063, a medium diameter of 0.0022 mm, ard
a specific gravity of solids from 2.70 to 2.79. The material was pri-
marily a fine silt. Table III presents the resulting 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-tall cylinder de-
veloped a leak during the test and the results 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 bulking factors
were accepted as reliable, but were reduced to allow for the production
of clay balls in the actual dredging operaticn. A final bulking factor
of 1.7 was selected; this value is slightly higher than those currently
recommended for silt (18).

Potomac River Marsh, 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 (18)

Bulking Factors

Test 4

Percent of Job Complete Test 1 Test 2 Test 3
100% 1.50 1,57 1.59 1.65
70% 1.80 1.66 1.60 1.70
40% 1.66 1.73 1.78 1.75
:
20% 1.82 1.80 1.89 1.79 i
10% 1.93 1.84 2.06 1.83
5% 2.10 1.93 2.29 1.92
Final Bulking Factors 1.63 1.62 1.72 1.72
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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 aliow access to the various Tlayers of sedimented soil. A slurry of
13% solids by weight and tap water was placed in the cylinders in seven
Tifts. Prior to adding a 1ift of material, the time differential settle-
ment curve was allowed to reach a near-Tinear state, and the supernatant
Tiguid was drawn off the soil. A new 1ift of material was then placed

to a total height of 9.5 feet. The following equations were presented:

wGS o
se = T A T R T S S S (2
v, Ysat 7 Y4
e = - = ™ (3)
VS A s

where s = saturation (%):; e = void ratio; w = water content {%); VV =
volume of the voids; VS = volume ¢f the solids; and Yogt - Saturated
density of the s0ii. The cylirders were observed for a period of one
week beyond placement of the final Tift. The supernatant liquid was
then drawn off, the cylinders dismantled, and the sedimented soil
divided into six-inch layers. Water content, grain size distribution,
and solids specific gravity were obtained for each layer and the void
ratio (e) was calculated from equation (2), assuming that saturation
was 100%. The submerged unit weight of the material was calculated

from the following equation:

Yw(e + GS)

submerged unit weight = Yeub = T T T e T Ny e (4)

This method yielded a plot of void ratio versus effective vertical

stress. Conventional floating ring consclidation tests were run on the
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samples and the bulking factors were calculated from the equatiaon:

-2

B = v%-(same as equation 1-a)

;
)

where, VC =V (1 +e

5 C ave,.

and, Vi =V (1 +e S 6)

5 i ave.

Another equation for determining the bulking factor was presented. This

equation can be derived from equation 1-c of the previous section for

soils with 100% saturation.

Fee ave. .

B T 4
e

_1|,h1

B =

T oave.

where € ave. and €. ave, 2re the average void ratio in the containment
area, and the average void ratio in situ, respactively.

For the material tested, Gs = 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 bulking 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.

ec] ) ecz

1+e
1

settlement = Ao L e

where e. = average void ratio after the sedimentation test; e. =
1 2

average void ratio after consoiidation test; and H = Tayer 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 for silty clay (19},
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Toledo, Ohio, 1974.—Krizek and Giger conducted a very extensive

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 compaction efforts. The dredging
was completed by hopper dredge and the bin volumes were provided for the
study by the Corpns of Engineers. The in situ volume was determined by
dividing the bin volume by .82, a factor commonly used by the Corps of
Engineers. The ratio of the containment area volume to the bin volume

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 settlement
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 would
be achieved after some period of time(t) in excess of ten years. The
following empirical equation was developed relating in situ volume to

disposal site volume:

Ve = B(1 - 0.04t)Vi

or Vc = 0.08(1 - 0.04t}v1

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
polluted material commonly associated with maintenance dredging opera-

tions {20).
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Sizing of Containment Areas for Dredged Material, 1977 .— This tech-

nical report was prepared under contract to the U.S5. Army Engineers ard
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 ccn-
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 its de-
velopment is presented here. A determination of the volume of dredged

solids is calculated from equation 10.

Vs e e

The basic material balance equation is:

Vo=V (T +Fo)Fe Fp Fo « o v v v v e e e e e e e e (1)
Sc S

where VS = yolume of solids retained in the containment area; VS =

o i
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 (Vc) is also a function of the con-

tainment area average void ratio, therefore

vc = vs (1 + e, ave.) RPN P4

Substituting equations 10 and 11 into 12 yields

V.(1 + Fo) Fe Fp Fc (1 + e )
Vo= cave.” ... ...y

C T+ e,
i
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Table IV presents commonly employed values of Fo, Fe, Fp, and Fc. The
next step is to determine the in situ void ratic 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" (10)., In this
study, sedimentation tests were conducted in 20 centimeter and 30 centi-
meter diameter cylinders two meters high, using a slurry of 15% sclids
by weight. The material was piaced in a single 1ift and allowed to
settle for about two weeks, or until settlement was Tess than .1 centi-
meter per day. The water content {w) was then determined for as many
layers of the sediment as possible and the void ratio calculated from
equation {2} assuming s = 100%. Bulking factors were then calculated
from equation (7). GS was determined to be 2.66 for all samples with
the exception of one whose Gs was 2.70. A variety of soil samples were
tested in fresh and salt water, resulting in the following conclu-
sions:
(1) Soils with a Tow plasticity in fresh water (plasticity index < 20%)
will result in a bulking factor < 1.1.
(2) Soils with a high plasticity in salt water (plasticity index > 50%)
will result in a bulking factor > 1.3.
(3) Soil void ratio increases with water salinity and plasticity.
(4) Various gains and Tosses in material during the dredging process can

be expected to alter the containment volume by about + 6% (6, 10).
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Range of Yalues for Dredge System Efficiency Factors

TABLE 1V

(10)

Range of Vaiues

Factor f
Fo 32%-789
Fe 80%-100% (usually 97%-100%)

Fp 81%-100% (usually 98%-100%)
Fc 86%-100% (usually 95%-100%)
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Research Scope and Objectives

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 al-
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 centainment area average veid ratios of the soil, water
contents, grain size distributions, and Atterberg 1imits has been re-
vealed. This jnvestigation represents an attempt to develop signifi-
cant graphical correlations between these variables and bulking factors
through Taboratory 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 determination of sedimented material void ratios (¢,
18, 21). The effectsof varying water salinity and cylinder size were
inﬁestigated, and the results of 43 sedimentation tests on 27 different
samples were presented. The primary cbjective 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 1ift of material in a cylinder was deemed

sufficient.
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I1. LABORATORY PROCEDURES

The following is a step by step chronological presentation of the
laboratory tests performed on those samples listed in Table V:
1. The wax was trimmed from the undisturbed samples as each was pre-
pared for testing. The sample itself was then trimmed 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 bulking 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, 13.1 %00 salt water,
and 28.6 /0o salt 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
parrafin 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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Physical Classification

TABLE V
and Description of Soil Samples (7, 21, 30)

(2) Consistency:

{3) Source:

CH - inorganic clay of high plasticity; OH - organic clay of high plas-

ticity

H - hard

. = Arm

Engineers; H.

. - McClelland Engineers
330

- personal communication - J.B. Herbich;

]

Sample Symbol Consistency Depth Source
Number (1) {2) (ft) {3) Physical Description
1631 CH H 1.0- 2.5 A.E. Gray clay with random calcareous
nodules
1636 CL VST 12.5-15.0 A.E. Light brown clay with random cal-
careous nodules
1646 CH VST 15.0-22.5 A.E. Gray clay
1650 CL M 27.5-30.0 A.E. Gray sandy clay with random weather-
ed limestone pockets
1651 CH M 0.0- 2.5 A.E. Gray sandy clay
1663 CH M 0.0- 2.5 A.E., Gray sandy clay with random sand
seams
1685 SC ST 5,0~ 7.5 A.E. Dark gray clayey sand with random
sand paockets
1689 CH VS 15.0-20.0 A.E. Gray sandy clay
1692 CL H 22.5-25.0 A.E. Light brownish gray sandy clay with
random calcareous nodules
1693 CL H 25.0-27.5 A.E. (Same as #1692; s1ightly harder)
1694 CL VST 27.5-30.0 A.E. (Same as #1692; slightly softer)
1704 CH VS 22.5-25.0 A.E. Gray sandy clay with random shell
fragments
1726 CH ST 7.5-10.0 A.E. Tan sandy clay with random shell
fragments
1732 CH M 0.0- 2.5 A.E. Tan sandy clay with random sand poc-
kets and weathered limestone pockets
1742 CL ST 2.5- 5.0 A.E. Light grayish brown sandy clay with
random calcareous nodules and sand
layers
1757 CH VST 5.0- 7.5 A.E. Gray clay with random calcareous
nodules
1763 CH VST 15.0-17.5 A.E. Yellowish brown caly with random cal-
careous nodules
1762 CH H 17.5-20.0 A.E. (Same as #1761; slightly harder)
1764 CH VST 0.0- 2.5 A.E. Dark gray clay with numerous shel]
fragments in the top four inches
1765 CH VST 2.5- 5.0 A.E. Gray clay with random sand seams
1766 CH VST 5.0- 7.5 A.E. Gray to yellowish brown clay with
gypsum
1768 CH VST 10.0-12.5 A.E. Yellowish brown clay with gypsum
1769 CL VST 12,5-15.0 A.E. Yellowish brown sandy clay
1771 CL VST 17.0-20.0 A.E. Light grayish brown clay with gypsum
B# 38 CH ST 24.5-25.5 H. Light gray and brown silty clay
B# 1 OH VS 5.0 M.E. Very soft olive gray clay with light
brown sand seams
B# 8 OH S 214.0 M.E. Soft olive gray clay
(1) Symbol: SC - sandy clay mixture; CL - inorganic clay of low to medium plasticity;

VS - very soft; S - soft; M -~ medium; ST - stiff; VST - very stiff;



separate beakers with 500 m1 of the water in which they wers to

be tested. This slaking continued for a period of approximately

24 hours (Fig. 4).

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. Water was added during the
mixing process, increasing the slurry volume to about 975 m1. A
slurry density of 1200 grams per liter by weight was desired to
simulate that density typically found in dredge slurries (18, 19, 2I,
23). The impeller blade (Fig. 5) provided a strong vortex within

the beaker (Fig. 6) and served to raise the soil particles 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 soil particles were in
suspension.

The slurry was then poured into a 1000 mi graduated cylinder,
About 25 m} 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 within the cylinder
to exactly 1000 m1. This procedure reduced the Toss of soil
particles through the mixing process to a negligible amount,
The slurry was then allowed 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
1iquid was observed and recorded one-half hour after beginning
the test, and hourly thereafter until the rate of settlement had

decreased to 10 mi per hour or less. The level of suspended
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material was recorded thereafter at 24-hour intervals from the
start of the test until the amount of settlement was undetectable
for a forty-eight hour periced (g, 10, 21).

11. Khen the sedimentation test for a particular sample was completed,
the supernatant Tiquid was drawn off and its salinity determined
through the use of the "Hydrolab” conductivity meter shown in
Fig. 10. The sample and cylinder were weighed together, then
placed in an oven to dry at 140° ¢ (24).

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 weight of the small amount of salt water left

in the cytinder prior to placement in the oven, and dried salt

on top of the soil after removal from the cven, and the cylinder

weight, the dry weight of the sample and moisture content of the

sedimented material were determined. This moisture content was

Jater used to calculate the void ratio of the sedimented material.

Applicability of the employed test procedures to field conditions
is based on the following 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
approximation of field conditions.

3. The blending process employed to mix the slurry was a reasonable
approximation of the dredging process (21)., 1In most cases, the
vortex motion of the slurry within the beaker caused small portions
of the sample to roll on the bottom, forming clay balls of 1/16

inch to 1/4 inch in diameter. No attempt was made to break these
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sphéres down and force them into suspension. Doing so would 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,

4. The loss of soil particles through adhesion to laboratory mixing
apparatus was negligibie.

5. The effects of compaction due to placement of successive Tifts of
dredged material 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,

Salinity Variation Testing

Eight of the samples were used to determine the effect of water
sé11nity on sedimentation. For six of these sampies, sedimentation
tests were conducted in fresh tap water, 13 o/oo salt water, and 28.6
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 (21). The results

are presented in Chapter III.

Scale Effects Testing

Kolessar, 1962 (18), determined that scale effects might well be
a problem in sedimentation tests conducted in small cylinders. In order

to determine the magnitude of scale effects, a slurry of 1200 grams per
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Jiter by weight was placed in 100 m? and 1000 mi graduated cylinders.,
Ten liters of the slurry were also placed in a plexiglass cylinder, 10
centimeters in diameter and 2.44 meters tall (Fig. 12). The settlement
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 III.

Drying and Shrinkage

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 sampTe 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
Jeast, the extreme potential for consolidation of the soil through
df}ing alone (29). This potential was investigated for 21 soil samples
by completely drying them in an oven at 140° £, The data were used to
calculate saturated void ratios and sizing factors of the sedimented
materials. The calculation of these quantities is discussed in the
final two sections of this chapter, and the vesults are presented in

Chapter III.

Void Ratio Calculations

In calculating the in situ void ratio (ei) equation 2 was employec.
It was assumed that the soil was saturated in situ, and the specific

gravity of the solids (GS) was assumed to be 2.68 (9, 12, 13, 17, 18).
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The in situ void ratio was also calculated by the following equa-
tion (2):

id rati " g
VOTd 1atl10 = € = “———+—= . . . ..o e e e )
Yy T WYy

where Yy © specific weight of water. Thus, knowledge of the in situ water
content and dry specific weight of the soil permits calculation of the
void ratio.

The void ratic in the containment area (cylinder) was also calcula-
ted using equation 2. The saturated water content of the sedimented

material was determined by weighing the soil prior to and after drying,

The specific gravity of the solids was again assumed to be 2.68, and
saturation was assumed to be 100%. Thus, the average void ratio of the
sedimented material in the graduated cylinder was obtained for each of

21 samples. These values are presented in Table VI of Chapter III.

Bulking Factor Calculations

Bulking factors were initially calculated from equation 1-a; know-
ledge of the in situ volumes as determined in step & of the laboratary
procedures, and the final sedimented volumes in the graduated cylinders
permitted this simple calculation. Bulking factors were also calculated
by equation 7 using the in situ and sedimented average void ratios.

Table VII in Chapter III presents a tabutar comparison of bulking factors
from various sources for those soil samples tested. Those factors as

calculated by equation 1-a were used in the data plots presented in

Chapter III.
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II1I. 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 three
sources: a) the Corps of Engineers so0ils laboratory at Galveston, Texas,
b) McClelland Engineers, Geotechnical Consultants, Houston, Texas, and
¢) reference samples in the Texas A&M University Geotechnical Laboratory.
Soil types were selected to be representative of Recent and Pleistocens Gulf
Coast soils which are likely to be dredged in new dredging projects.
Material typical of maintenance dredging was not inctuded. Physical
properties are presented in Table VI. For the most part, the samples
were sandy and silty clays ¢lassed 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. w.iquid
1imits ranged from 28 to 80, with plasticity indices from 12 to 57. bSand
content ranged from 0 to 48%, and thus the combined silt and clay conzent
ranged from 52 to 100%.

The results of the sedimentation tests are generally expressed in terms
of bulking factor versus time where bulking factor is defined earlier by
Eq. 1. 1In 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 particies begin to approach the size of individual
water molecules, and when bombarded by the water molecules, they move
randomly in response to the momentary hydrostatic pressure difference over

their surface. As a result of this movement, termed Brownian movement,

these small particies tend to stay in suspension almost indefinitely. If
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TABLE VI
Physical Properties of Scil Samples (2, 7, 21, 30)
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1631} 1.458 29.i + 0.755| + * * * 107.481320.|0 | B.| 92.
1636 * 18., + A82 | + 12.0[40.5128.5] 99.03|239.{0 124.] 76.
1646 1.394(37.(142.6{1.030(3.82|26.7]64.5;37.8/100.82{297.:0 . 9.[ 91.
1650 | 1.218120. ?9.5] .H3612.13) * * * | 97.50,210.i8.:34.| 58.
16511 1.137|50.1232.611.330(6.23127.0{70.0{43.0/112.74|393.i0C 114. 36.
1663 * 33. 203.8[ L88015.46126.3]162.8/36.5/113.20{380./0 .32.| 68.
16851 1.394(35.1 + . .938 + 19.2{45.5/126.3(103.20[287.i0 iSO. 50.
1689 | 1.025]65. 184.4[1.865 4,94124.0179.0155.0(123.42[330.14.,23.| &8
1692 | 1.794 (17, + [ 456 + 16.3(41.0{24.7| 65.50{293.(0 |46.] 54
1693 1.794(15.' 78.1, .51512.08;16.2 28.0(11.8| 92.84|212.|0 (47.| 53
16941 1.187 17.j 88.5! .45512.37(14.0{36.0{22.0] 91.34{252.|0 |483.| 52.
1704 | .977|66.1264.0(1.790{7.07|25.575.0149.517117.441426. 1.|15. 83
1726+ 1.217 47.f]73.1 1.29514.64|22.0179.0{57.01110.42{329. 4.:18. 78.
17321 1.602(28. 98.9| .780 2.65|15.0(66.0 51.0! 93.761250.(0 i40.| 60.
1742 1.516 |18, 94.5| .43012.53]/16.9]61.4]44,5,108.16(241.(2.|32.| 66.
1757 1.826017. + L4531 + * * * 1 92.651255.11.| 5. 94.
1761 | 1.698022.i122.3] .590}3.28{20.0/57.8 zé.g 96.92 2;4. 0 ;D.; G0,
1762 | 1.714{22. + 5971 + 14.0|54.0 . 94.85(329.10 [10.. 90.
1764 1 1.3461{39.1129.8(1.070(3.48]24.0(84.0|60.0(110.18|291.|0 8.i 92,
17651 1.330137.1165.9| .98014.45129.9|75.4|45.5/109.80]321.{0 {16.. 84,
1766 | 1.362|38.1173.3(1.045(4.64127.3|75.5/48.2|104.18{341.]1.{13 | 86.
1768 | 1.554 |28. ! 89.2|0.760 2.39121.5161.5]40.0| 99.78;311.10 0 100,
1769 ; 1.682 (20.(120.8| .525|3.23/18.0/47.0 29.0i 97.18,290.[0 j16., 84,
17711 1.634 24.‘148.1 .B4013.97|22.1165.4 gg.g: 99.78(327.(0 | 5.. 95.
B-38| * |* 162.1| * |4.35/17.2/40.0(22.8. 99.70(338.{0 {14, | 86.
B-1 .909{70. {139.6(1.750{3.74{38.0/92.0 54.0i103.03 267.10 {14 | 86.
B-8 .781 155, |264.4] .7507.08{35.0/85.0 50.0i115.24 4710.10 2,; 98, |

* Insufficient sample to permit analysis. or insufficient data

** Gravel-diameter 2mm, retained on No. 8 sieve; sand - 2 mpm > diameter
>.05 mm, retained on the No. 200 sieve; fines - diameter < .05 mm,
passes the No. 200 sieve.

+ Tests not performed
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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 Tayer 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 the 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 of 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
wi]i join together to form groups of particles, or floccules. These will

then have enough mass to settle under gravity.

Influence of Water Salinity on Bulking Factors

The conditions for flocculation, as described above, are ideal 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 tre
first experiments performed was to examine the effects of water salinity on
the bulking factor. Eight marine sediment samples were selected for this
experiment - six from Corpus Christi Bay and two from offshore Gulf of Mexico.

The samples were mixed with fresh water and with salt water of 13.1% and 28.6
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% 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 (13.1%) and 2.75 (28.6%). 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 YII, which shows the final bulking
factors and test time. These results show that a high degree of flocculation
can be expected at salinities as Tow as 13.1., and since there was little change
between 13.1% and 28.6%, it appears that even lower salinities will still cause
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 VII
Bulking Factors as a Function of Water Salinity

+ | j__Bu]king Factor/Time -
Sample S0i1 ech Water Salt wgter Salt wgter
Number Type 13.1 “/oo 28.6 /00
1631 CH 3.13/360 H;urs x| 2.89/168 hours 2.98/168 ;;;I;;W!
1636 CL 3.03/288 hours * 2.44/168 hours 2.41/168 hours :
1685 SC 3.04/360 hours * 2.83/264 hours 2.78/240 hours
1692 CL 4.29/360 hours 3.01/240 hours 3.07/240 hours .
1757 CH 7.44/768 hours 2.81/168 hours | 2.75/168 hours
1762 CH 4 ,81/360 hours * 3.50/240 hours 3.47/216 hours
B-1 OH (not tested) 2.83/384 hours 2.53/576 hours
B-8 OH } {not tested) | 3.30/576 hours 3.56/552 hours

* Tegts were terminated prior to achieving settlement rates of less
than 1 m1 per 48-hour period due to apparent linear settlement rates
and time constraints.

* 5011 Classification: CH - inorganic clay of high plasticity; CL -
inorganic clay of low to medium plasticity; OH - organic clay of hign
plasticity; SC - sandy clay mixture
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One factor which these laboratory tests do not consider is the infiu-
ence of turbulence on the bulking factor since the tests are obviously
performed in quiet water. Turbulence acts to bring the smail particles into
contact more rapidly so they can floc and to bring flocs together to form
larger flocs. Although some turbulence enhances flocculation and settlement

rates, a high degree of turbulence will break up the flocs and cause dispersion.

Influence of Time of Settiement on Bulking 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 resuits. The tests showed that bulking factor was a
nearly 1inear function of time beyond 200 hours for all samples tested, bui
most samples reached this point much quicker. The final bulking factors
and the time to attain these bulking factors are shown in Table VIII. The
bulking factors of these samples all tested at ranges from a low 6f 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 Taboratory equipment infiuenced
the results was examined on one sample. This sample was tested in three
cylinders - 0.1, 1.0 and 10 liters in size. Kolessar (18), in the pioneering
work on this method, used cylinders which varied in height from 6-12 feet,
but in our study, both height and diameter were varied.

As shown in Fig. 18, the sediment initially settled fastest in the

100 m1 and slowest in the 10 liter cylinders, but after approximately 86

hours the situation reversed, and the greatest settlement occurred in the
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Bulking Factors as a Function of Time

TABLE VIII

[

Bulking Factors | Time++
Sample Number Soil Type+ (Vc/Ui) (hours
1646 CH : 2.94 240
1650 cL : 2.15 144
1651 CH i 3.48 432
1663 CH 3,36 312
1689 CH 2.67 240
1693 cL 2.28 240
1694 cL 2.76 288
1704 CH 3.63 455
1726 CH 2.98 240
1732 CH 2.67 168 |
1742 CL 2.23 168
1761 CH 2.83 144
1764 CH 2.64 216
1765 CH 2.92 240
1766 CH 3.27 240
1768 CH 3.12 240
1769 CL 2.98 120
1771 CL 3.32 240
B-38* CH 3.02 408
B-38%* CH 3.39 408
B-38%#* CH 3.81 240

+ Soil Classification:

plasticity

CH - inorganic clay of high
plasticity; CL - inorganic clay of Tow to medium

++ Time based on settlement rate of 1 m] or less per 48

hour period

* Test conducted in 10 liter cylinder; cylinder diameter

= 100 mm

** Test conducted in 1000 m! cylinder; cylinder diameter

= 60.5 mm

*** Tast conducted in 100 ml cylinder; cylinder diameter

= 27.0 mm
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10 1iter cylinder. Although Fig. 18 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 smallest bulking factor of 3.02 occurred in the 10 liter cylinder, with
bulking factors of 3.81 occurring in the 100 ml and 3.39 in the 1000 mi
cylinders.

Thus, there is an indication from this sparse data that the height/
diameter ratio influences the laboratory determined bulking factor and this
substantiates earlier conclusions by Kolessar {18},

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 particies
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. These
mud volcances have been observed on a much larger scale by Coleman (1976) in
areas Qf rapid deposition off the mouth of the Mississippi River on side
scan sonar and high resclution profile records. They usually occur as fields
of mud volcanoes. Apparently, these represent weak spots in the sediment where
the excess pore water pressure can vent to the surface. This rapid venting
of the pore water will undoubtedly enhance consolidation. If this also
occurs in dredged material, then it seems very unlikely that simple one-dimen-
stonal consolidation theory can be used to calculate subsequent settlement of
dredged spoil. The enhanced drainage will certainly have an effect on the

bulking factor and/or sizing index.



Figure 19 - Photograph showing Drainage paths
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Effect of Physical Properties of Seil on Bulking Factor

The data were also examined tu determine the relationship between the
physical properties of the spil and the bulking factor. The effect of the

fines (silt and clay content) is shown in Fig. 20. While there is con-
siderable scatter, a relationship does seem to exist. A linear regression

equation was developed which resulted in:
Bulking Factor = 1.897 + 0.013 (% fines)

The correlation coefficient was quite Tow (r2 = (0.25), due in part to the

flatness of the line, but the average error in using this equation is only
about 11%, well within any state-of-the-art predictions of sizing factor.

The plasticity of the soil could be expected t0 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 1imit (LL) and bulking
factor. Again, using linear regression, the following equation was

obtained:
Bulking Factor = 0.005 (LL) + 2.66

The correlation coefficient (rz) for this equation was only 0.05.
A similar attempt was made to relate the plasticity index (PI) to the
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 - plastic limit
plasticity index

Li =

]

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
Tiquidity index (Fig. 23) indicated only a weak relationship between the two.
In this case, the liquidity indices were calculated using the naturai water
content of the core samples before they were broken down for the test. The

relationship found was:

Bulking Factor = 0.31 (LI) + 2.837

with a correlation coefficient of 0.03.
Previous research by Lacasse (6, 10) and Skempton (25) 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-

pertive 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 between
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 results, 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 aiong the
walls of the cylinder is an important gecometrical effect.

c. The bulking factors determined were Targer than usually

experienced. Placement of a large single 1ift of material
rather than smaller multiple 1ifts 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 Timits and bulking factor was, however, very weak,

360



REFERENCES

10,

il.

Montgomery, Raymond L., Griffis, Fletcher, H., Major, USA, "The
Corps of Engineers Dredged Material Research Program,” roceedings
World Dredging Conference V, WODCON V, 1974, pp. 212-158.

Blankinship, Benjamin, "“The Corps Seeks Answers to Environmental
Challenges," World Dredging and Marine Construction, Vol. 10,
No. 14, Dec., 1974, pp. 38-43.

Krizek, Raymond J., Giger, Max W., and Salem, Abdelsalem M.,
"Assessment of the Dredging and Disposal Problem in the Uniteo
States," Proceedings of the First International Symposium on
Dredging Technology, Canterbury, England, 1974, The British
Hydromehcanics Research Association, 1976, pp. H3-49-H3-56.

Proceedings of the First International Symposium on Dredging
Technology, University of Kent, Canterbury, England, 1975, The
British Hydromechanics Research Association, Cranfield, Bedford,
England, 1976, pp. A-3-37.

Huston, J., Hydraulic Dredging, Cornell Maritime Press Inc.,
Cambridge, Md., 1970.

Lacasse, Suzanne E., Lambe, William T., Marr, Alan W., and Neff,
Thomas L., "Void Ratio of Dredged Material," Proceedings of the
Conference on Geotechnical Practices for Disposal of Solid Waste

Material, University of Michigan, Ann Arbor, June 13-15, ASCE,

New York, N.Y., 1977, pp. 153-168.

Johnson, Lawrence D., Mathematical Model for Predicting the Con-
solidation of Dredged Material in Confined Disposal Areas, U.S.
Army Engineers Dredged Material Research Program, Technical Report
D-76-1, Jan., 1976.

Bowles, Joseph. E., Foundation Analysis and Design, second edition,
McGraw-Hi11 Co., New York, N.Y., 1977.

Richards, A.F., Hirst, T.J., and Parks, J.M., “Bulk Density-Water
Content Relationships in Marine Silts and Clay," Journal of
Sedim. Petrol., 44{4), 1974, pp. 1004-1009.

Lacasse, Suzanne E., Lambe, William T., and Marr, Alan W.,
Sizing of Containment Areas for Dredged Material, U.S. Army
Engineers Dredged Material Research Program, Technical Report
D-77-21, Oct., 1977.

Gustafson, J.F., "Beneficial Effects of Turbidity," World Dredging
and Marine Construction, Vol. 8, No. 13, Dec., 1972, pp. 44-52.

361



12.

13.

14.

15,

16.

17.

18,

19,

20.

21.

22.

23.

24,

Meta, A.J. and Partheniades, E., "Depositional Behavior of Co-
hesive Sediments," Technical Repcrt No. 16, March, 1973, Depart-
ment of Coastal and Oceancgraphic Engineering, University of
Florida, Gainesville, Fla.

Herbich, John B., Coastal and Deep Ccean Dredging, Gulf Publisn-
ing Co., Houston, TX., 1975

Van Baardewijk, A.P.H., "The Influence of the Conditions of Soil
on the Dredging Output," Proceedings, World Dredging Conference,
WODCON II, Rotterdam, Holland, 1968, pp. 465-435,

Krizek, Raymond J., "Spatial Nonhomogeneity of Dredged Material
in Confined Areas," Proceedings, World Dredging Conference - VII,
WODCON VII, Sen Francisco, Ca., 1976, pp. 779-797.

Hough, B.K., Basic Soils Engineering, The Ronald Press Co., MNew
York, N.Y., 1957, pp. 30-31.

Lane, E.W. and Koelzer, V.A., "Density of Sediments Deposited in
Reservoirs," Report No. 9, Nov., 1943, St. Paul U.S. District
Sub-office, Hydraulics Laboratory, University of Iowa, lowa City,
Iowa.

Kolessar, Michael A., "Some Engineering Aspects of Disposal of
Sediments Dredged From Baltimore Harbor," Proceedings of the
Federal Inter-Agency Sedimentation Conference, Dept. of Agriculture
miscel. pub. No. 970, 1963, pp. 613-618.

Palermo, M.R., and Zeigler, T.W., Detailed Design for Dyke Marsh
Demonstration Area, Potomac River, Army Engineer Waterways Experi-
ment Station Technical Report No. T.R.-D-77-13, Oct., 1977.

Krizek, Raymond J., and Giger, Max W., "Storage Capacity of
Diked Containment Areas for Polluted Dredgings," Proceedings
of the World Dredging Conference No. VI, WODCON VI, 1974, pp.
353-364.

Herbich, John B., "Personal Communication - 1978," Head, Ocean
Engineering Program, Texas A&M University, College Station, TX.

Herbich, John B., "Personal Communication - 1978," Boring log
and samples from unidentified project, undated.

DePhilippe, A.A., P.E., "Letter Communication," U.S. Army Corps
of Engineers, Philadelphia District, Philadelphia, Pa., 30 May
1978.

Dunlap, Wayne A., "Personal Communication - 1878," Professor of

Civil Engineering, Geotechnical Group, Civil Engineering Dept.,
Texas A&M University, College Station, Tx.

362



APPENDIX A.— List of Symbols

The following symbols are used in this paper:

B or BF = bulking factor:

d = c¢ylinder inside diameter;

e = so0il void ratio;

€. = s0il void ratio in test cylinder;

e, = soil void ratio in situ;

Fc = containment area efficiency factor;

Fe = dredge system efficiency factor;

Fo - overdredging factor;

Fp = dredge transport system efficiency factor;
GS = specific gravity of solids;

H = thickness of sediment layer;

h = jnitial height of slurry mix when piaced in test cylinder;
LI = Tiquidity index;

LL = Tliquid limit;

PI = plasticity index;

PL = plastic Timit,

S = sizing factor;

5 = percent saturation;

t = time;

Ve = s0il volume in containment area (cylinder);
¥ = 5011 volume in situ;

VS = yolume of solids;

VV = vyolume of voids;

W. = percent water content of soil in situ;
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W = percent water content of soil in containment area {cylinder);

'd = dry specific weight of soil;
Yeat = saturated specific weight of soil;
Yeub = submerged specific weight of soil;
Yw = specific weight of water;

i and ¢ are used as subscripts throughout the paper to indicate in situ

and containment area/cylinder quantities, respectively.
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APPENDIX B.— Glossary

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 soil 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 (17).

Dredge System Efficiency Factor - the ratio of the weight of splids
taken into 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 (17).

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 salt jons 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 rapia-
ly settle out of suspension (6).

Hopper Dredge - a dredge which raises soil particles through use of a
dredge pump, and retains the material in hoppers or bins onboard the
dredging vessel for eventual discharge at a disposal site (8).

Muitiple Lift - the process through which a slurry of predetermined
density is placed in a cylinder and allowed to settle. The super-
natant 1iquid is then drawn off and another "1ift" of the same
density surry placed on top of the settled material. The process
can be repeated, resulting in consclidation of that soil initially
nlaced through the application of pressure caused by the overlying
material.

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 (17}.

Single Lift - the process through which a siurry of predetermined
density is placed in a cylinder and allowed to settie. No further
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material is added, and the calculation of settled 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 s0il in a containment area to that volume of the
sofl in situ. The volume in the containment area is based on the
inclusion of such variables as long-term settlement and consolida-
tion, dredge system efficiency, drying and shrinkage, and lTosses of
soil from the containment area {17).

Supernatant Liquid - the relatively clear 1iquid which remains above
the soil-water interface after settlement of the soil particles
from a soil-water slurvy.

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.
The factor is dependent upon soil properties and losses through
leaks in the system.

366



HABITAT DEVELOPMENT ALTERNATIVES
TO DREDGED MATERIAL DISPOSAL: A REVIEW

by Hanley K. Smith1

ABSTRACT

This paper presents a review of research conducted under the Habitat
Development Project (HDP) of the Dredged Material Research Program (DMRP}.
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, evaiuated the feasibility of using dredged material as a
substrate for the development of productive biological communities, and
determined the envivonmental 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, isiands,
uptand, and aquatic. Of these four alterpatives, 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.

lu.s. Army Engineer Waterways Experiment Station, Vicksburg, Mississipp:
39180
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WEIR DESIGN FOR DREDGINGS CONTAINMENT AREAS

by

D. XK. Atmatzidisl , G. M. Karadi? , and B. J. Gallagher-

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 coptainment area has a sigpnificant
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 com-
prehensive literature review, available design formulations and method-
ologies were identified, which are directly applicable to conditions pre-
vailing in contaimment areas., Based on these formulations and methods, a
simple set of recommendations and guidelines was developed which can he used
with confidence for the design of weirs as components of dredged material

containment areas,

1 Assistant Professor of Civil Engineering, The Technological Institute,
Northwestern University, Evanston, Illineis, 60201

®Professor of Civil Engineering, University of Wiscensin, Milwaukee,
Wisconsin, 53209

3President, 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 1. A
large variety of weirs are presently in operation. inecluding standard Armco
type weirs, usually 6-foot wide, rectangular drop inlet structures of
various sizes, and large polygonal weirs, Flashboards are frequently used
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.

Weirs are mainly designed as flow discharge {control) structures, and
no consideration is given to their effect on the settling and solids re-
tention effectiveness of the disposal area, Weirs 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 peints of many disposal areas are located on the side
of the area closest to the free water body (river, lake, or sea). Under
such conditions, flow concentrations and short circuiting occur. and the
surface area of the settling basin is not utilized 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 on containment
dikes, which are not designed properly as earth and water retaining struc-
tures, This practice, however, can cause scour and resuspension of bottom
sediments, which mav have a detrimental effect on the quality of tae ef-

fluents.
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Table 1

Weirs in Dredgings Containment Areas

District Welr Description

Philadelphia Large, 16 feet by 20 feet, stecl polygonal weirs
perpendicular to the dikes are now used to replace
old, wooden, box welrs.

Mobile Rectangular steel "boxes' 8 feet long and 4 ft wide

Galveston

Portland

Seattle

Norfolk

Baltimore

Charleston

Savannah

Vicksburg

with removable flashbeoards; located in dikes

Large drop inlet box structures loecated about 30
feet from the dike inside the disposal area.

Large variety; from small, Armco-type, flashboard
weirs to large steel frame weirs; 3 inches maximum
head over weir crest.

Large variety; from small box structures to very
large square drop inlets located inside the dis-
posal area; 4 inches maximum head over weir crest.

Prefabricated steel weirs, crest length 14 feet to
28 feet; some large E-shaped weirs with very long
crest (about 300 feet),

Three-sided, concrete wall weirs with a total crest
length of 12 feet.

Standard 6-foot wide Armco-type weirs arranged in
pairs.

Standard 6-foot wide weirs with two sets of 3-foot
wide flashboards, more than one per disposal area

Standard 100-foot wide, rectangular, internal weirs
with fixed crest elevation; drop inlet structures in
final ponds.
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WEIR PARAMETERS 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
conditiong 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 curremnts occur,
the material mixes within the pond, and concentration of flow develops. Ex-
periments performed on settling tanks of various shapes (Marske and Boyle,
1973) indicate a close relationship between tank shape and gettling effec-
tiveness, If the outlet weir is contracted, the flow approaching the weir
will concentrate, and depending on the degree of contraction (type and
physical dimensions of weir), dead zones of considerable extent will develon;
this situation will, in turn, Increase short-circulting 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 ocutlet 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
welr will occur, with an undesirable deterioration in effluent quality. &
similar situation arises if extenmsive short-cirecuiting develops (this is
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 uni-
formity of sediment deposition, Insufficient weir size and/or improoer 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,
Accordingly, the proper design of a disposal area requires, among other thivss,
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 tan
reduce short-circuiting of the flow and increase the effective surface arca
of the settling basin., A hydrodynamical model was developed (Gallagher et
al, 1978) to predict the flow field and retention time in a sedimentation
basin and was applied to the study of hydraulic efficiency of dredgings
containment areas. Pertinent conclusions, obtained from this study, are
presented and discussed herein,

Confined disposal frequently rakes place with both the inflow pipe and
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 la. 1t can
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Configurations,
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be observed that the density of streamlines is higher near the side of the
area where the inlet and outlet are located., At the opposite side, and es-
pecially near the cormers, waters are nearly stagnant; consequently, the
effective surface area of the basin is substantially reduced with respect
te ideal plug flow. These adverse effects are even more pronounced when
both inlet and outlet peints 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 conditioms in a disposal area. For a single spur dike
(Figure 1b) it has been determined that (a) shortcircuiting is generally
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 shorr-
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
proncunced only in the vicinity of the weir. This effect would be sig-
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)Y flow velocities in the
vicinity of the weir are high, and this mav 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 would be preferable in the case of areas with

high width-to-length ratios.
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Figure 2. Withdrawal Zome 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):

v = p.32 (A H) [EPy A (1)
: \ H J\/ Py, &

where V is the average velocity over the weir (in ft/see), 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 ft),
pr is the density difference of the fluid between the elevatiomns of the
weir crest and the lower limit of the zone of withdrawal (in g/cm3), P is

the density of the fluid at the elevation of the weir crest (in g/cm3), and

2
g is the acceleration of gravity (im ft/sec”). The head over the weir

375



PONDING 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. TIn the vicinity of a weir, flow usually contracts considerably,
and approach velocities increase to levels much higher than those existing
in the rest of the flow domain, Since the possibility of bottom sediment
resuspension is enhanced in the vicinity of a disposal area weir, a
sufficient pending 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 wvicinity of a disposal ar:za
weir.,

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 conditions of withdrawal over a weir. Furthemmore, 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 discharge while the lower
layer is not; the boundary between these layers can be defimed as the
level where the fluid density increases (due primarily to suspended seolids’
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 ocutlet 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 smalley than the value
of the head to be substituted in Equation 1; for the practical range of
values for H, this effect is insignificant. According to the original
studies by Rehbock (1929), which were subsequently supported by several
investigators, the relationship between the head, H, and the depth of

water over the weir, h, is
H=1,18h (2)

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 1, 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 and
head values, and this could result in a change in the effluent quality.
Although the density difference enters Equation 1 as a square root and its
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 1.

To apply the principle of selective withdrawal to dredged material
disposal areas, the density profile of the waters in the viecinity of the

weir should be known, However, specific density information is usually not
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available and values can only be approximated from available data and
experience, The density of predominantly fine-grained dredged material in
disposal areas is reported to range from about 1.40 g/cm3 to 1,65 g/cm3
(Krizek and Salem, 1974; Lacasse, 1977). Krizek, Roderick, and Jin (1974)
report densities of about 1,20 g/cm3 tor 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 material
slurry, and this material would be expected to have an even lower density
when freshly deposited. Over such a freshly deposited layer in a sedimenta-
tion basin, there exists another layer where grains are still settling from
suspension, but the density (or the concentration of suspended solids) of
this layer would be higher than the average density of the overlying water,
The removal efficiency 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 suspendad
solids in the waters approaching a weir should not exceed 2.5 percent by
weight (about 25 g/l or a density of 1,016 g/cma) and would often 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/cm3 (Gallagher et al., 1978),

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, selective withdrawal principles

378



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 winimal, if not zero., in the second water

layer, The following apprcach is suggested to ac. mplish this objective,

L
Water Layer of Variable - 3
=1, .02 .

Solids Concentration P 1.00 to 1 &/cm
Water Laver of High _ 5 0 3
Solids Concentration P 1.02 to 1.10 g/em

3
Fresh Sediments p =1.10 to 1.20 g/cm
0ld Sediments b =1.20 to 1.65 g/cm”

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, h.
b. Use a density difference, ﬂpw, and determine the depth, Z, of the
withdrawal zone according to Equation 1.

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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Figure 4, Relationship between Depth of Withdrawal Zone and
Head over Welr for Variocus Denszity Differences

380



Sharp-crested weirs have the cross-section of a thin plate; weirs without
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 Bernoulli's law and assumes free-flow conditions. After accounting

for local head losses, this relationship takes the form

’

/e u (Bl - () (3)

- 2.3/2  ..2.3/2,

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 CC is the coefficient of contraction.

The effect of both the approach velocity, V and the contraction

coefficient, Cc’ may be represented by a single coefficient, CD’ such that

3/2
=%ﬁ§CDLH/ (&)

2
which, by incorporating the constant 3 f2g, becomes the coefficient Cﬁ

3/2

Q= C6 LH (5)

where CB = % J2g CD is the overflow coefficient. The measurement of head,
H, must be made a sufficient distance upstream from the crest to be beyond
the zone of appreciable drawdowmn, 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, Cﬁ and CD are dependent on

(a) the relative dimensions (geometry) of the weir, (b) the height of the
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weir crest above the bottom, (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

D
by Rehbock (192%) (in British units):

Bai8 (6)

v oo H
¢! (3.24 +0.43 3 + 2

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. More recently am extensive
study was undertaken by Kindsvater and Carter (1959) who introduced the
concepts of effective weir length, Le, and effective head, He, and proposed

the following general formula to calculate the flow rate, Q:
Q=¢.L He (1)

where He =H + 0,003 ft and Le =L+ kb. Nomographs were provided for the

D

It is evident that for small values of H/P, the various formulae show

determination of values for Kb and C

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 bty
the angle that the weir makes with the vertical (Starasolszky, 1970), If
the weir tilts toward the downstream side, the effect is favorable for
angles up to 70°. However, the flow rate over the welr increases only

by about 10 percent for the most favorable conditions (400 to 60°
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angle with the vertical). The quantity of flow over a weir is also
affected by the direction of the approach velocity. This effect becomes
significant only for angles smaller than 30° between the weir crest

and the direction of the approach velocity (Kiselev, 1950).

To simplify the design of vectangular, 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 long crests, weirs in disposal areas should be considered contracted.
The coefficient of comtraction 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 lemgth 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 (1939) 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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and this figure can be directly applied for their design.

Observation of Figure 5 indicates that the head, H, 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.
1f 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 weirs,
duck-bill over-falls, etc., and are characterized by a broken axis {crest)
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
js advantageous if the available width and the head over the weir are
limited. Several authors (Aichel, 1907; Escande and Sabathe, 1937;
GCentilini, 1941; Kozdk and Svab, 1961; Hay and Taylor, 1970; Darvas, 1971,
indlekofer 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 (1970), and recently Indlekofer and Rouve (1975) studied
the effect of corners on the discharge capacity of weirs.

Hay and Taylor (1969) developed 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

direct comparison of labyrinth weir flows, Q with the corresponding

1,?
sharp-crested linear weir flows, QN. This method of anmalysis is dependent
on the accurate knowledge of QN' Hay and Tayloer (1969) used the formwula
proposed by Kindvater and Carter (1959) (see Equation 7) and used a Cﬁ
value of 3,22 + 0.4 g, where H and P are the measured head and weir crest
height corresponding to the labyrinth weir discharge, QL' Thair results
clearly indicate that, for small g ratios, the increase of weir length “y
applying a polygonal arrangement will result in an almost proportional
increase in the flow rate, as compared to a regular sharp-crested weir,
For instance, for a crest-length magnification of 8, the value of QLKQN
decreased from its initial value of 8 to &4 as H/P increases from 0 to

0.5.

While the concept of polygonal weirs may be useful in the design of
large spillways, it can not be considered advantageous for dredged material
disposal areas. A decrease in the weir loading by utilizing pelygonal
shapes can not and does not improve settling effectiveness, Consider, for
example, the case where the rectangular weir of a disposal area is replaced
by a polygonal weir of the same effective crest length but contracted to
1/2 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 total discharge at the same head over the

weir, The cross-section of the flow toward the weir is significantly
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smaller for the polygonal structure than for the rectangular structure, ané
therefore, the approach velocity for the former will be three times that
of the latter. The higher velocity associated with the pelygonal structure
would then create favorable conditioﬁs for sediment resuspension or for
the development of short-circuiting, Hence, polygonal weirs (as compared
to rectangular weirs) have an adverse effect on the settling effectiveness
of sedimentation basins. This implies that a limitation on the head over
a4 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 weir
will result in a significantly higher efficiency than a polygonal weir of
the same effective length,

SHAFT TYPE WEIRS

In 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 spillway is based on the same principles used for sharp-crested
rectangular weirs. The flow rate may be calculated from Equation 7, whore
Le = 27r for a circular shaft (r is the radius) and LE = 2a + 2b for a
rectangular shaft (a and b are side lengths of the rectangular cross sec-
tion.) Values for the overflow coefficient, Cﬂ, can be obtained from charts
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 frequentlvy
in dredged material contaimment area operations. Standard box weirs do not
appear to be very effective in improving settling effectiveness for reasons

identical to those advanced for pelygonal weirs. Box weirs 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 conditions
for short-circuiting and sediment resuspension are developed. Hence, com-
pared to rectangular weirs, shaft-type weirs appear to be inferior as far
as settling effectiveness is concerned, This problem can be overcome by
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 outflow riser
acts as a simple nonperforated riser (shaft), 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 final
catch basin separated from the main basin by a long rectangular weir of
fixed crest height. This configuration will provide an additional setntliug
area if heavy solids are released over the rectangular welr, as might oceur
when the main basin is almost filled,

DESTIGN 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
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guidelines can be advanced for the design of rectangular sharp-crested

weirs for dredged material containment arcas,

Inflow and outflow location

a.,

Qverflow

1f 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.

1f the inflow and outflow 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.

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.

weir

a.

The overflow structure should be a rectangular, sharp-crested,
free-flow weir,.constructed in or mear the dike, with its length
parallel to the dike.

Preferably, the slope of the dike below the weir should be as

steep as possible to prevent resuspension of gediments from weir

overflow currents.
Select a head, H, of water over the weir, preferably between 1
inch and 6 inches.
Determine the unit flow rate, Q/L, over the weir in_accordance

with Figure 3.
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e. Compute the required length, L, of weir crest according to the
influent discharge rate, @, and the unit flow rate over the weir,
Q/L.

f. 1Increase the computed length of the weir crest, L, by up to 10
percent to account for the effects of flow contraction.

Ponding depth

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,

b, It is recommended that a density different, épw, of 0.01 g/cm3 be
used in this procedure,

c. Increase the calculated ponding depth, Z, by up to 1 foot and
specify this value as the minimum allowable ponding depth in =he
containment area.

CONCLUSJIONS

Based on the foregoing information, the following conclusions can be

advanced:

1. The design of weirs for dredged material containment areas ia
highly empirical; pertinent guidelines are presently practically
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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Corps of Engineers
Foot of Prytania St,.
New Orleans, LA 70160

David Siegel

C. F, Bean Corp.

3700 One Shell Square
New Orleans, LA 70139

Hanley K. Smith

WES

P.0. 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, Szabc & Assoc., Inc.

P.0O. 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 & Asscc., Inc,
3010 S. Lamar

Austin, TX 78704

Jack L. Unland, V.P.
Grant Contracting Co.
Garst at Ave, B
Greenville, OH 45331

James Van Norman

T. L, James & Co., Inc.
P.0. Box 826

Kenner, LA 70063

Herman R. Vick

Corps of Engineers

Chi., Dredging Planning Sect.
P.0. Box 60267

New Orleans, LA 70160

Harold B. Vvigéd
Williams-McWilliams Co., Inc.
P.0. Box 52677

New Orleans, LA 70152

James R. Vohz
Alaska Corps of Engineers
P.D., Box 7002
Anchorage, Alaska 99510

Thomas M, Walski

Corps of Engineers, WES
P.0. Box 631

Vicksburg, M5 39180

George E. Ward

Espey, Huston & Assoc., Inc.
3010 5. Lamar

Austin, TX 78704

Thomas C, Whalen

Bd. of Engineers for Rivers & Harbors
Kingman Bldg.

Fort Belvoir, VA 22060

Jack W. White, V.P.
McNamara Marine
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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