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DEPARTMENT OF THE ARMY
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KSBURG. M~~ SISSIPPI 39180

IN ~~~PLY s”.. ~o WESYV 21 October 1977

SUBJECT: Transmittal of Technical Report D—77—21

TO: All Repor t Recipients

1. The report transmitted herein (m ci 1) represents the results of one
of the research efforts accomplished as part of Task 2C (Containment
Area Operations Research) of the Corps of Engineers’ Dredged Material
Research Program (DMRP). Task 2C is part of the DMRP Disposal Operations
Project, which, among other considerations, includes research into the
various ways of improving the efficiency and acceptability of facilities
for confining dredged material on land.

2. Confining dredged material on land is a relatively recent disposal
alternative to which practically no specific design or construction
improvement investigations (much less applied research) have been
addressed. Being a form of a waste—product disposal, dredged material
placement on land has seldom been evaluated on other than purely economic
grounds with emphasis nearly always on lowest possible cost. Im the
last several years, there has been a dramatic increase in the amount of
land disposal necessitated by confining dredged material. Attention
necessarily is directed more and more to the environmental consequences
of this disposal alternative and methods for minimizing adverse environ-
mental impact.

3. Several DMRP work units have been designed to investigate improved
facility design and construction and to investigate concepts for
increasing facility capacities for both economic and environmental
protection purposes. However, the total picture would be incomplete
without considering methods to more accurately determine the in situ
(predredging) volume of dredged material that can be placed within a
containment area. To this end the investigation reported herein was
accomplished by the Constructed Facilities Division, Department of Civil
Engineering, Massachusetts Institute of Technology (MIT). The MIT
personnel made extensive use of the expertise of Corps of Engineers
District and Division personnel 88 well as private dredging consultants.

4. A rational method to size dredged material containment area, as well
as guidelines for selecting the parameters required by the method, is
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WESYV 21 October 1977
SUBJECT: Transmittal of Technical Report D—77—2l

presented in the report. The method considers properties of both channel
sediment (before dredging) and dredged material (after disposal) and the
effects of the dredging operation . The major unknown determined by the
method consists of the void ratio of the dredged material in the contain-
ment area. Laboratory sedimentation tests of channel sediment helped
predict void ratio versus depth and time in dredged material. Field investi~
gations including measurements of water content, rate of settling, excess
pore pressure in the dredged material, and spatial distribution of solids
in the containment area provide understanding of the material behavior.
The sizing technique was applied to four existing disposal sites and the
field measurements compared favorably with the predicted behavior . As a
whole, comparisons of the predicted versus measured void ratio distribution
of dredged material and the predicted versus observed performance of con-
tainment areas were satisfactory .

5. This study is one of several studies initiated by the DMRP to provide
guidance on sizing containment areas for both capacity and effluent quality .
The guidelines presented in this report should be considered interim.
Final guidelines will be based on a synthesis and interpretation of all
studies related to the sizing of containment areas.
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Colonel, Corps of Engineers
Commander and Director
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EXECUTIVE SUMMhRY

This report proposes a method to determine the size of

area to contain dredged material and provides guidelines for

selecting the parameters required by the method. The sizing

method considers properties of both channel sediment (before

dredging) and dredged material (after disposal) and the effects

of the dredging operation. The major unknown in the method

consists of the void ratio of the dredged material in the con-

tainment area. Laboratory sedimentation tests on channel

sediment help predict void ratio versus depth and time in

dredged material. Field investigations, including measure-

ments of water content, rate of settling , excess pore pressure

in the dredged material, and spatial distribution of sol ids

in the containment area provide understanding of the material

behavior. Part V applies the sizing technique to four exist-

ing disposal sites and comp~~es field measurements with pre-

dicted behavior. As a whole, compar isons of the pred icted

versus measured void ratio distribution of dredged material

and the predicted versus observed performance of containment

areas were satisfactory. The last part of the report evaluates

the reliability of the prediction technique.
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PREFACE

The work described in this report was performed under

Contract DACW39-75-C-0074 , titled “Engineering Evaluation

of Performance of Containment Areas Filled with Dredged

Material ,” between the U. S. Army Engineer Waterways Ex-

periment Station (WES) and the Massachusetts Institute of

Technology (MIT). The research was sponsored by the Office ,

Chief of Engineers (DAEN-CWO-M) , under the civil works re-

search program Dredged Material Research Program (DMRP).

The study was conducted at MIT during the period July 1,

1975 - July 31, 1976 under the supervision of Dr. T. William

Lambe, Principal Investigator of the research program, and Ed-

mund K. Turner, Professor of Civil Engineering. Dr. Suzanne M.

Lacasse and Dr. W. Allen Marr , Research Associates, assisted

in the supervision of the project. Messrs. Roger F. Gardner,

Matthew J. Barvenik , and Miss Lilly C. Lee, Research Assistants,

also made major contributions to the research program. The

laboratory and instrumentation expertise provided by Dr. R. T.

Martin , Senior Research Associate, is also acknowledged .

The rosearchers are also grateful  for the cooperation

obtained from the following staff members of the Corps of

Engineers District offices: Mr. L. H. Hair , Chief of Construc-

tion Operations, Messrs. G. E. Greener and P. Zernentsch,

Operations Division , Mr. J.A. Foley, Chief of Engineering, and 4
Mr. I. Reinig, Engineering Division , all from the USAE District,
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Buffalo; Messrs. L. A. Juhnke and R. Parker, Channel and Har-

bor Section , of the USAE District, Seattle; Mr. F. N. Ciccone,
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New England ; Mr. J. T. Lawless, III, Chief , Operations Branch,
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USAE District, Norfolk ; Mr. D.L. Billmaier , Operations Branch,

Messrs. C. W. Otto, N. Gehring , and R. Ericson , Engineering

Technical Branch, USAE District, Detroit; Messrs. R. Durkin

and A. de Philippe of USAE District, Philadelphia; Messrs. E.

D. McGehee and G. Rochen , of the USAE District, Galveston ; Mr.

A. F. Pruett, of the USAE District, Mobile .

The cooperation of Messrs. G. E. Greener, P. Zernentsch,

and I. Reinig of the USAE Office, Buf f a lo, and Cpt. D. Nance

and Mr. H. Rhodes of the Cleveland Field Office , in collecting

data, samples, and helping in the fieldwork is gratefully

acknowledged . The authors are also indebted to Cpt. W. Prusak

of the Dredge MARKHAM, Cpt. L. Chambers of the Washington tug ,

Cpt. Jim Wagner of the Stanley tug, and the Great Lakes Dredge

& Dock Co. for their help in the field investigation.

The authors also thank Dr. D. Darby , Assistant Professor
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data.
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SIZING OF CONTAINMENT AREAS FOR DRE DGED MATERIAL

PART 1: INTRODUCTION

Problem Statement

1. The increasing scarcity and cost of land-based dis-

posal areas for dredged material and restrictions on open-water

disposal create an important need for efficient use of exist-

ing and future disposal sites. Whereas densification of the

dredged material and design of containment areas to maximize

settling effectiveness appear as possible means to reduce re-

quired containment volumes , the first priority remains the

assessment of the volume actually occupied by a given volume

of material to be dredged and disposed.

2. Two important variables set stringent conditions on

land—based disposal projects: volume of channel sediment , i.e.,

material to be dredged and available containment volume. The

empirical nature of existing sizing methods and the complex

geotechnical aspects of channel sediment (before dredging) and

dredged material (after disposal) render reliable assessment

of performance of a containment area very difficult.

3. Bulking factors have been commonly used to estimate

required volume capacity. Expressed as a “ratio of the volume

occupied by the dredged material after sedimentation in the

containment area to the volume of the in situ channel sediment ,”1

bulking factors for specific types of sediments and for spe-

cific locations have been determined on the basis of past

experience. A soil with a low density in situ may be assigned

14
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a relatively small bulking factor (0.5), whereas a similar type

of soil with a greater in situ density may be assigned a

greater bulking factor. References 1 and 2 give bulking fac-

tors between 0.5 and 2.3 , depending on type of channel sedi-

ment (often arbitrarily defined), geographical location , or

whether they consider allowances for overdredging or settle-

ment of dredged material in the containment area. Designers

need therefore a rational sizing method that includes in a

systematic manner the parameters that affect the volume of

dred ged mat er ial in a disposal area.

4. In 1975, MIT developed a method to predict the stable

elevation of a marsh created from dredged material.3 The

approach provided an improvement to the existing empirical

methods in use but addressed the specific problem

of marsh creation . The method integrated various compo-

nents of the dredging operation through a material  balance

equation , defining an equilibrium void ratio for the dredged

material when excess pore pressures were expected near com-

plete dissipation .

5. Because of high natural water content and successive

state mutations from slurry to suspension to soil , dredged

material cannot be investigated by traditional means. Depend-

ing on the dredging method used , dredged material enters a

containment area as a slurry of variable solids concentration

or in chunks transported by water. It then settles in the

area , leading to an increase in solids concentration . Prior to

15
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the present research , very little literature on the sedimenta-

tion and/or consolidation behavior of dredged material was

available.  Results  of tests in this report will show that the

change in void ratio with stress is nonlinear , even on a semi—

loga ri thmic plot.

6. Other elements of concern included the effects of

successive dredging operations , entrance and exit velocity in

the disposal area , and possible segregation of particles; all

these con siderations added to the complexity of the problem.

The sizing method developed in this research integrates all

the important components of a dredging operation affecting

the volume occupied by dredged material in a disposal area.

Purpose and Scope of Research

7. The primary goals of this research were to:

a. Propose a methodology to predict the
volume occupied by a given volume of
channel sediment to be deposited in a
containment area. The methodology
provides specific (and simple) pro-
cedures for a sizing technique more
reliable than the bulking factor
method .

b. Give guidelines for selection of para-
meter values required in the prediction
methodology .

C. Investigate the time-~dependent behaviorof dredged material. Geotechnical pro-
perties measured in the laboratory and
in the field provide insight in the per—
formance to be expected in future con-
tainment areas.

d. Apply the prediction methodology and
evaluate its reliability .

16
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8. In order to present the results of this research , the

report first identifies the important variables affecting

performance . After summarizing the practicians ’ opinion on

the importance and numerical values of each variable , Part II

reviews the sizing techniques used by several experienced

offices and research institutes concerned with dredging and

proposes the new prediction methodology. Part III details the

geotechnical properties of several dredged materials, as mea-

sured in the laboratory and in the field. This information

shows behavioral trends of dredged material and assists in

the development of guidelines for selection of the methodology

parameters. Part IV discusses field observations of variables

related to the dredging operation . In Part V , four existing

- disposal sites serve as examples of possible application of the

methodology. In two cases , the predicted behavior is checked

with the actual field performance and therefore helps evaluate

the prediction technique. The four sites examined include :

Disposal Area nos. 1 and 12 in Cleveland Harbor , Ohio; Bran-

ford Harbor , Connecticut ; and Anacortes, Washington. Part VI

provides guidelines for selection of sizing methodology para-

meters and Part VII presents recommendations with respect to

application of the prediction method.

17 
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PART I I: CONTAINMENT AREA SIZING METHODOLOGY

Introduction

9. The MIT marsh creation sizing method quantified , where

possible , the interrelationships among the components of a

dredg ing project that affect volume predictions.3 Use of the

prediction methodology required knowledge of:

a. The effic iency of the dredging operation
(loss or gain of solids).

b. The engineering characteristics of sediment
and dredged material.

The methodology appeared workable , provided the significant

variables in the problem were properly identified and their

relative importance assessed. This part of the report ex-

tends the MIT procedure and provides a sizing methodology

for containment areas filled with dredged material.

Review of Current Sizing Methods

10. In order to obtain a survey of current sizing methods ,

the authors interviewed selected dredging specialists with

respect to their sizing practice . Table 1 lists the offices

consulted and describes their respective techniques. The

majority of the offices consulted used a refined but still

empirical bulking factor technique where sizing depends on a

factor defined in terms of the grain size of the sediment.

Table 1 gives sizing factors indicated by each organization.
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Ta b  I c

Sujmna r~ ‘f Siz~ Me th ds sed l v  Se l e ct e d _ Corps oi~~~ &ineers D i s t r i c t  O f f i c e s
an d Re •~ rch A en e i e .s

Containm ent Sizing Fa~ t r to 
—

~~Source ~‘f Material Sizing
Incl ude *:

lntorination 
I ~ 

Type Fac tor 55 Comments

But t , l ~ / , • Sand 1.0 —Uncertainty on volume dredged
Dis trict Clay & -Observed sizing factor in

sil t 5 0.5-1.0 Cleveland . Ohio , for organic
sil ts: 0.79

Norfolk • . Sand 1.0 —Fac tors generally overpredict
1)i~.t.ric t Cia’’ & required containment s I z e

sil t 5 2.0

‘i l-LI e • / • ‘ All types 1.2 —Conserva tive method (long term)
—No losses during removal and
transpor t assumed

Det r i t  , Sand 6 —Fast volume predictions both
Distr i ct silt j 0.6—1.0 ver— and underpredi ted volume

—15% swell upon bottom removal
—50 to 851 reduction in volume

‘lew England , All types 1.25
Di vision

Se,i tt lc / .‘ Sand 1.1 —Sizing fac tors based on field
D1’.trict SLIt 1.3 observations

Clay 1.5 —Use we ighted average sizing
factor

l~~driph1.t . • • ‘ Sand 0.5€ —Fac tors without settlement
Distr i l t  Silt 0.73 allowances are 1.0, 1.3 , and

Clay 1.0—1.12 1.8—2.0 for sand , silt , c l a y
—Se ttlement estimates based on

h eld observations and column
sedimenta tion tests in 6—cm I
50—cm high cell s

/ / Silt 1.35 —One yr after disposal , consider
Distric t Clay 1.65 that settlements have reduced

volume by ~5OZ
—M ethod does not apply to sand

Jacksonvi l l e  ,‘ .‘ Sand 1.2—1.3
Clay 2.0

1. Huston , • / Sand 1.0 —Use weighted average sizing
Dred ging Silt 1.5 f i - t o r
(nsultant Clay 2.0

Sandy clay 1.25
Rock &
gravel~ 1.75

tapan Dredging 6 / •‘ Sand 1.0 —Settlement prediction f clay
leclamarion Eng .  Sil t 1 .3—1.6 very unreliable

~s s , .. Tokyo Clay 2.0 —Use laboratory tests to obtain
fac tors

port 6 Harbour . / / / Sand & —If swell factor only, use 1.3
Fechni cal Re— silt 0.1—0,9 —Factors based on case studlea
search i n st  ituts- , —Use labora tory sedimentation
l k ,yo tests to obtain factors

*(l) Vo1t~~e of In Situ Channel Sediment
(2) Overdredging
(3) Iransport Ff f l lency
( 4 )  l e n t  a tn m e n t  Area  Loisea
(5) Consolida tion of  Dredged Material in Containment Area
(6) Containme nt Ares Foundation Settl em ent
(7) :*scrip t i on  of Mat e rial

55Si zing Pa tor — Ratio of volume of dredged material in ctt ,jn m e n t  area to volume of in situ
channel seditrn nt
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These factors express the ratio of the volume occupied by the

dredged material in the containment area to the volume of

sediment removed from the channel bottom. Ninety percent of

the individuals consulted indicated that their numbers were

based solely on experience .

11. Classification of materials as sands , silts, or clays

needs further emphasis here. In this report , sands include

grain sizes coarser than the US Standard no. 200 sieve . Silts

describe materials with particle sizes ranging from 0.074 two

to 0.002 mm. They plot below Casagrande ’s A-line on the plas-

ticity chart.* Clays include the finer-particle material and

plot above the A-line . This classific ation, although very

primitive , permits one to distinguish behavioral trends. How-

ever , in nature , soil comes often as a combination of these

soil types, and careful judgment must be exercised when apply-

ing any correlation between grain—size and soil property.

12. Two volume components need consideration : during

the dredging operation , the bottom sediment swells; after

disposal , the material consolidates under its own weight , thus

creating more storage volume . The agencies consulted consider

either or both of these effects and define their sizing factors

accordingly. Whereas nearly all methods use a swell factor ,

less than half the agencies use an estimate of the settlement

of the dredged material. Sole consideration of the swell of

•See Reference 4, for definition and application of plasticity
chart ,

20



dredged material can not predict adequately the volume in the

con tai nmen t area excep t f or vol ume immediately af ter disposal

time. An approach considering settlement with time of the

material should be more satisfactory. It becomes therefore

necessary to estimate the properties of the material as a

func tion of time : for example , the volume occupied by the

dredged material  af ter each yearly operation , in the case

of a containment area designed for a multi—year usage.

Time for settlement compared to frequency of successive

dredging operations will be discussed in Part III and

introduced in the prediction methodology .

13. The individuals who provided the factors in Table

1 stated that their sizing method had generally been rather

unre l iab le, at times undersizing areas by as much as 50

percent , and ~t other times , oversizing them by as much

as 100 percent. Results seem to have been slightly more

sat isfactory for sandy sediments, where particles settle

out and reach end—point density rapidly. Clays have a much

more complex behavior pa ttern , with slower settling rate ,

slowly dissipating excess pore pressures , and nonlinear

consolidation . One can also expect more solids losses

during dredging of fine materials. The reliability of the

sizing methods commonly used in the case of finer

material has not been good . The numbers presented in

Table 1 remain very subjective : obvious shortcomings

include the difficulty in obtaining a unified material

classification from all specialists and the impossibility to

21
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normalize dredgers ’ experiences.

14. A brief comment should be added here with respect

to the sizing practices in Japan where dredging for land crea-

tion is practiced on a long—term basis with low priority on

proper containment size prediction . As presented in Table 1,

volume—ratio laboratory sedimentation tests are used to com-

pare volume of dredged material to initial sediment volume.

Settlement measurements in small—scale sedimentation cells ,

are taken 48 hours after pour . As a rule—of-thumb , a s iz ing

factor including both swell and settlements averages 1.00 for

sands and silts. Bulking factors associated with swell only

go from 1.30 to 2.00 for silts and clays , whereas settlement

factors vary from 0.68 to 0.90.

15. Generally,  the Port and Harbour Technical Research

Institute size containment areas for dredged material in the

following manner :

a. For a given volume of sediment , apply the
appropriate swell factor , function of
grain size.

b. Estimate the volume decrease due to self-
weight settlement of the material under
study.

c. Consider any settlement of the foundation
in the containment area.

d. Calculate the volume required to contain
the dredged material.

Th is method does not consider losses in the dredg ing operation .

However , in three instances , overall losses were backfigured5

a f t e r  completion of the job and proved important (see Part IV) .

22



Prediction Methodology

16. The proposed methodology proceeds in f ive steps:

a. Determination of volume of solids effectively
retained in the area through a material
balance equation .

b. Prediction of state of dredged material in
area (void ratio).

c. Prediction of required containment volume
to r dredged material .

d. Computation of settlement of foundation.

e. Computation, if required , of containment area
dimensions.

The chart in Figure 1 outlines the step-by-step procedure de-

scribed below.

17. The design volume of material to be dredged is deter-

mined by f ie ld  investigations , past yearly records,

or channel depth requirements. Assessment of the in situ

sediment void ratio , e0*, from field investigation and/or

correlations , will yield the design volume of solids to be

dredged , since the relationship between volume of solids dredged

and total volume of sediment removed is:

Vp = 1 + e 0 
(1)

where V
P 

= design volume of solids to be dredged

Vt = design volume of bottom sediment to be
dredged

*For convenience , symbols and unusual abbreviations are listed
and defined in the Notation (Appendix B).

23 
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I

Determine the Volume of Material
to be Dredged

[Estimate In Situ Void
Ratio of Sediment

r Determine Volume of Solids
Retained in Area

with Material Balance Equation

[~~~edict Void Ratio Versus Depth Versus
Time of Dredged Material

is. 
~1[ Select Void Ratio of Dredged

[Material at Time of Interest 1

Check that Void
Ratio of Dredged

Compute Required 
~~terial isContainment Volume Compatible withat Time of Interest Predicted Height
of Material

Obtain Containment Dimensions
to Satisfy Required Disposal
Volume and Local Criteria 

-- -J[ Calculate Settlement of
Foundation under Containment
Dikes and Dredged Material

Mjus t  Design Height to Satisfy
Containment , Freeboard , and

Settlement Conditions

Figure 1. Procedure for sizing containment areas
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e0 = void ratio of channel sediment.

18. A material balance equation3 ties in all the compo-

nents of the dredging process that affect volume by stating that

the volume of solids in the containment area equals the volume of

solids removed from the bottom minus losses:

Vc = V~ (l + Fo)Fe
F
p
F
c (2)

where V = volume of solids retained in containmentc area

V = design volume of solids to be dredged

P0 = overdredging factor

Fe = efficiency of dredge removal action

F = efficiency of transport system

Fc = efficiency of containment system

The total volume of in situ solids removed includes possible

overdredging by the contractor and is related to the design

volume of solids to be removed , ~~~ by the factor (1 + F0).

19. Efficiencies in Equations 1 and 2 express the ratio

of volume of solids delivered by each component to volume of

solids input to tha t component. For example, Fe includes

losses of material upon removal of sediment* and F
~
, possible

losses of material through the containment system and over

the effluent weir (pumping rates for small areas can then

become important).

2
~~. The state of the dredged material in the disposal

area represents another variable required to estimate the

required containment volume. The sizing methodology predicts

*pertaj,ns to all types of dredging actions (mechanical , suc-
tiori, or combined). 
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the void ratio versus depth distribution of the dredged

material as a function of time. The void ratio versus depth

distribution of dredged material at a given time yields an

average void ratio over a trial depth. The required contain-

ment volume for this time frame can then be expressed as:

= V
~
(l + eave)

where VCA = required containment volume

eave = average void ratio of dredged material

Substituting Equations 1 and 2 in Equation 3, the required

containment volume becomes;

V — 

Vt(l + Fo)FeFpFc (l + eave)
CA ( l+ e 0)

Given an area available for disposal , the height of the dredged

material at an average void ratio, eaves can be calculated .

For given restrictions on maximum elevation , the size of the

required containment fac i l i ty  for a g iven volume of dredged

material ca~ be obtained .

21. The next step in the methodology involves checking

that the average void ratio for dredged material over a trial

depth remains compatible with the predicted height of the

containment f ac i l i ty. For short-term predictions this

verification is generally perfunctory since laboratory

and field observations will show that void ratios remain

f a i r l y  constant or decrease very slowly below a depth of 25 cm.

22. In the case of thick deposits of dredged material ,

settlement of the underlying foundation might occur and alter ~
‘ .‘
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the disposal site capacity. In some cases, foundation settle-

merits can be so small that neglecting them in the computations

would not have appreciably impaired the predictions.3’5’6

Moreover , if erection of the containment dikes is recent, the

dikes themselves may settle. Consideration of the two compo-

nents of settlement remains therefore essential .

Parameters

23. Table 2 indexes the physical components considered

in the sizing methodology , lists the s ignif icant  parameters

and the means available to assign numbers to the parameter ,

and indicates where such information can be found in the re-

port.

Dredg~ed material characteristics

24. Only the average void ratio versus depth at a given

time is required for solving Equation 4. This parameter in-

volves knowledge of other characteristics such as grain size ,

plasticity , sedimentation-consolidation rate , etc . Several

means exist to determine these properties, as listed in Table

2, but since one of the goals of the present study is devising

reliable and simple methods, the report provides correlations

developed in this research , based on all labora-

tory and field measurements available (see Parts III and VI).

Sediment characteristics

25. The in situ void ratio , e ,  and the design volume
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of sediment to be dredged are required by the methodology and

generally proceed from field investigations prior to dredging

or from the designer ’s past experience. Sampling of sediment

remains impor ta nt since it allows determination of index pro-

perties for the dredged material . In situ void ratios mea-

sured on various sediment samples are presented in Part III

and recommendations for their selection are given in Part VI.

26. It is important to determine with reasonable accuracy

the volume of material to be dredged , since the predicted re-

quired containment volume is directly proportional to Vt (see

Equation 4). Traditionally, this volume has been obtained

through surveys (soundings , in most cases); good quality work

is essential for reliable predictions. If one wants to check

application of the methodology, recording of the volumes of

material effectively dredged (through flow meters , displace-

ment of hopper dredges, and/or surveys after job completion)

becomes essential.* When possible , this verification will be

done in the methodology applications presented in Part V.

Dredging operation parameters

27. The dredging operation parameters include overdredg—

ing , F0, and efficiencies at the mouth of the dredge
, F ,

dur ing transport , ~~ and in the disposal area , F
~
. Part IV

will present values for these parameters and case studies in

Part V will provide data that substantiate these factors.

*This procedure also eliminates uncertainties with respect to
F0 and Fe

.
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28. Another dredging operation parameter , which affects

the required containment volume but does not appear in Equation

4 , is the solids concent ration during disposal. In that the

solids concent r at ion underl ies  the determination of void ratios

fo r dredged material ,3 the dredging method is an important

factor . Since estimates and f ield measurements of the solids

concentration condition the validity of column simulation tests,

they are presented in Part IV.

Foundation performance

29. Determination of the foundation settlement should be

fairly straightforward , using conventional techniques. Examples

of calculations will be given in Part V.

Time Constraints

30. Two types of containment areas are commonly used :

a. Containment areas filled in one continuous
Operation .

b. Containment areas designed for multiple-
year usage .

The assessment of the state of the dredged material necessi-

tates, in each case , knowledge of the behavior of the dredged

material with time . More specifically, how do void ratios

change in a given interval of time and how significant i..

this change until the next filling period?

3].. First required is knowledge of periods and frequency

of filling . This may vary with local specifications or

30



practice and with weather conditions. For areas filled in

only one operation , column sedimentation tests were used to

duplicate the filling action and ensuing settling .3 For con-

tainment areas designed for multiple year usage , knowledge of

the successive states prior to each filling and especially

prior to the last filling is required . Assessment of the void

ratio—effective stress and void ratio—time relationships be-

comes therefore fundamental. Field and laboratory measurements

have made it possible to propose an engineering estimate of

these relationships , presented in Part III and applied in Part V.

Recommendations for selection of void ratios are presented

in Par t VI .

Summary

32. The methodology for predicting the size of contain-

ment areas filled with dredged material establishes an inter—

relationship between measurable soil characteristics and

dredging operation parameters. A material balance equation

determines the effective volume of solids entering the con-

tainment area and yields the required containment volume .

This part has discussed the various parameters in general

terms. The analysis must also consider whether sedimentation

will effectively occur during the expected retention time in

the confining area. For example , the containment area must

be of sufficient length to allow sedimentation of the suspended

solids before decantation of the water over the weir.
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33. The proposed prediction methodology incorporates

the following parameters:

a. Volume of sediment to be dredged .

b. In situ void ratio of sediment.

c. Overdredging factor.

ci. Lass factors in the dredging and disposal
operation,

e. Rate of filling the containment area versus
effluent detention time.

f. Average void ratio versus depth (and total
unit weight) of dredged material at a given
time.

~~~. Foundation settlement.

32
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PART III: BEHAVIOR OF CHANNEL SEDIMENT AND

DREDGED MATERIAL

Introduct ion

34. Very little data have been published on geotechnical

properties of dredged material. However , a few sources3’5’7’8’9’1’°

present index properties and simplified behavioral patterns.

This par t detai ls  the proper ties of dred ged ma terial measured

in the MIT Soil Mechanics Laboratory and in the field at seve-

ral disposal sites throughout the United States. Comparison

with available characteristics of other dredged matarials will

be made when applicable. Part III of the report is divided

into seven sections:

a. Index properties of the various dredged
materials under study.

b. Vo,~. i ratio of the channel sediment.

C. bpatiai distribution of solids in disposal
Sit  ~~.

d. Total - Al it weight of dredged material.

e. ~~~ or settling of dredged material .

f. Excess pore pressures in dredged material.

~~~
. Void ratio versus depth distribution in

the lisposal site .

35. Since the volume change of fine soils upon dredging

can be substantial compared to that of sands , only fine-grained

materials were investi gated . The materials came from seven

disposal sites : Cleveland Harbor , Ohio; Branford
33
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Harbor , Connecticut ; James River—Windmill Point, Virginia;

Capsante , Washington ; Anacortes , Washington ; Browns Lake, Vicksburg,

Mississippi; and Upper Polecat Bay Disposal Area, Mobile , Ala-

bama. Appendix A describes the general layout and the explora-

tory program at each site.

Index Properties of Dredged Material Under Study

36.  Table 3 describes materials from seven sites under

study and lists their specific gravity of solids and Atterberg

limits. Average values are shown along with the ranges mea-

sured for each parameter. Unless otherwise noted , all aver-

ages are based on at least ten determinations (in fact , many

values in the table represent averages of more than 30 data

points). Grain sizes , water contents , void ratios, and am-

bient water conductance will be presented in the next sections.

37. Cleveland Harbor allows an interesting application

since sediment dredged from Lake Erie and Cuyahoga River was

disposed in the now combined area nos. 1 and 2 until 1967;

since 1974 , the material has been placed in area no. 12 ,

where the authors , with the assistance of the Buffalo District

office and the Cleveland field office , performed an extensive

field inve itigation. This site provided information on the

behavior of both the recently deposited dredged material and

mate ial disposed several years ago. Table 3 shows a notice-

able difference in the Atterberg limits of the sediment and

the dredged material. The oaterial deposited in area nos. l
34
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and 2 may have been slightly more plastic than the material

disposed in area no. 12.

38. The average Atterberg limits results appear in

Figure 2 on Casagrande ’s plasticity chart. All materials plot

on or very near the A—line . However , due to the organic con-

tent , it is reasonable to expect some scatter in the limits.

Figure 3 shows typical grain-size curves at each site, all

averages of several determinations. The differences between

the 1967 and 1975 Cleveland Harbor materials appear again in

- 
- 

the grain-size plot. In Branford Harbor , where both sediment

and 10-year-old dredged material were sampled , grain-size dis-

tributions remained very consistent. In Anacortes, three

types of mater ia ls  (SM , CL, and CH) were encountered as shown

by curves 1, 5, and 9.

Void Ratio of Channel Sediment

39. Table 4 lists the in situ void ratios of channel

sediment measured at four sites. The void ratios were com-

puted from the in situ water contents through the equation :

G w
S (5)

where G5 
= specific gravity of solids

w = water content

S degree of saturation

e = void ratio

36
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In the case of submerged samples, the degree of saturation

was taken as 100 percent. Considerable scatter exists in the

values for Cleveland Harbor and Branford Harbor sediments,

Probable causes for the scatter in void ratio include sampling

d i f f i c u l t y, non—homogeneity of sediment , compression of sample

or water gain/ loss during coring , extrusion , or transport .

The averages shown in Table 4 are based on 20 to 80 measure-

ments in the top 2 m of sediment.

40. Sediment void ratios were also made available to MIT

by Japanese specialists.5 Figure 4 presents the sediment void

ratios observed on four materials (numbers 1 to 4) from Sakai

Harbour near Osaka . Although onl y two points of the grain-size

curves were available , one can plot approximate grain-size

distributions for these materials and their respective measured

e0 (through water contents again). Except for one data point

Ce = l.9)~ the data show lower in situ void ratios for coarser0

sediments. combining these data with the previously presented

properties of Cleveland Harbor , Branford Harbor , James River-

Windmill  Point , and Anacortes materials indicates that in situ

void ratio increases with increasing percentage of fines and

ambient water salinity (see Figure 5).

Spatial Distribution of Solids in
Containment Area

41. To illustrate particle segregation of the dredged

materia1~~ in the containment area (due to entrance velocity

____________________________________ — — —-— ---‘—-—--— 
--I _____



‘Table 4

In Situ Void Ratio of Channel Sediment

Sediment In Situ Void Ratio CommentsAverage Range

leveland Harbor 2.05 1.00—4.60 0—2 m depths

Bre’-nford Harbor* 2.50 1.60—6.20 0—2 m depths ,
considerable
scatter

Tame s River— 2.12 1.60—2.60 0—5 m depths
qindrnill Point

thacortes* 0.89 0 .6 1— 1.23  Samples taken
only in SM
material at
beg inning of
operatiOn* *

*Saltwater environment
**By depth , values were: 1.18 + 0.05 at surface

0.84 + 0.03 at 1.5 m depth
0.64 + 0.03 at 3 m depth
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whi le  pump ing or to exit velocity generated by the weir dis-

charge), MIT conducted a study of the spatial distribution of

solids in several containment areas. The investigation also

enabled MIT to answer two questions:

a. How representative of the dredged mater ia l
deposit are the samples tested in the
laboratory sedimentation cells?

b. What disposal area is required to ensure
sedimentation of the suspended solids
before decantation of the supernatant water
over the weir?

Figures 6 through 14 present the results from seven disposal

sites: Capsante , Anacortes , Branford Harbor , Cleveland Har-

bor , James River , Browns Lake, and Upper Polecat Bay.

42. The disposal sites in Capsante and Anacortes (Figures

6 and 7) each have two settling ponds connected by outflow

p ipes . In Capsante , the effects of increasing distance from

the in f l o w  pipe appeared clearly as most of the coarser ma-

terial was located within 150 m of the source. Away from this

poin t, the samples have nearly identical grain—size curves ,

except for the southwest corner sample in the primary pond

where coarser mater ia l  had accumulated . All samples were

taken at least 15 to 20 cm below the surface . Visual ob-

servation at this site as well as at several other sites not

mentioned in th is study indicated that the coarser material

accumulated in a fan-shaped area immediately at the mouth of

the in f low pi pe. The Anacortes samples CFigure 7) exhibit a

simila r pattern , except that the samples in the secondary

settling pond gave slightly less consistent results. However,
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the pond no. 2 had been recently altered with equipment , which

might explain the discrepancy shown by Sample 5.

43. In Branford Harbor , MIT ran a field study of a 10-

year-old upland disposal site (see Appendix A) and obtained

grain—size profiles both in the horizontal and vertical planes.

Fi gure 8 illustrates the various grain sizes encountered in

the horizontal plane as measured on samples at depths between

15 and 30 cm. Figures 9 and 10 present grain—size curves mea-

sured at two stations along a vertical profile .

44 .  In Cleveland Harbor (Figure 11), the material at all

locations i’n area no. 12 (see figure and Appendix A) did not

vary appreciably as of December 1975 , except at the inflow . For

comparison purposes , the grain— size distribution of the dredged

material  in the neighboring disposal site no. 2 is also shown .

45. In the James River-Windmill Point site , the dred ged

material exhibited a similar behavior , with the coarser mater-

ial accumulating at the mouth of the inf low pipe (see Fi gure

12).

46. The uniform material from Browns Lake (Figure 13)

exhibi ted very l i t t l e  particle segregation . The curves in

Figure 13 represent only a few of the several tests run by

WES throughout the area; the data shown were obtained from

samples recovered at a depth uf 1 i~ The samples have very

similar grain distributions as curves 2, 3, and 4 except those

very near the inf low pipe (Curve 1, Figure 13). The uniform

silty material becomes finer with increasing distance from

the inflow pipe .
53
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47 . Final ly in the Upper Polecat Bay d isposal site , WES

conducted another series of tests , but observed very l i t t le

scatter , as shown in Figure 14. Samples were taken over the

entire 3-rn depth of dredged material.

48. In conclusion , the last 8 figures show that:

a . Very l i t t le  particle segregation occurred
in the disposal sites under study.

b. The zone of influence c’f the inflow pipe ,
where a fan—shaped accumulation of coarser
particles occurs, is of limited extent.
For the cases under study , the extent of
this zone of influence seems less than a
200-meter radius from the inflow pipe .

C.  For large areas (> 25 ,000 m2 ) par t icle
segregation can be considered minor.

Total Unit Weight of Dredged Material

49. Application of the methodology requires knowledge

of the total unit weight of dredged material. This section

summarizes measurements of this property for various dredged

materials. Given the degree of saturation , the total un i t

wei ght , 
~~~ 

can be backfigured from the void ratio of the

dredged material. On the other hand , 
~~ 

measured in the f ield

and the laboratory enables one to check the predicted void

ratio.

50. Table 5 presents total unit weight determined on

three types of dredged materials , Branford Harbor , Upper Pole-

cat Bay,  and Delaware River. Measurements were made at various

depths between 0 and 10 m , both on newly deposited material

54
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Table 5
Total Unit Weights Measured on Dredged Material

Disposal 
- - 

Total Unit Source of
Co~~entsSite Weight , g/cc Information

Branford 1.43 —Block samples MIT
Harbor — l  11 below crust

—10 yrs after disposal

Upper Polecat 1.47 —2 m below crust WES
Bay —shortly after disposal

Delaware 1.54 —4 sites Ref . 7
River (1.5—1.6) —2 to 10 m depths

—New sites and 50—yr
old site

Table 6
Conductance and pH of Supernatant Fluid

Disposal RelativeConditions pHSite Conductance*

Cleveland Field , November 1975 0.33 ——
Harbor no. 12 Field , March 1976 0.28 6.5

Tests no. 3** 0.19 6.25
4** 0.25 6.25
5** 0.25 6.25

Browns Lake Field , April 1976 0.25 7.25
Test no.l** 0.15 7.0

*Ratjo of conductance of sample to conductance of 2% Normal KC1
solution

**Laborato!.y column sedimentation test at MIT

55
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and in areas 50 years old (y~ = 1.43 to 1.58 g/cc for all

specimens). In all cases , measurements in the drying crust

were neglected ; the section on measurements of field void

ratio of dredged material will indicate total unit weight val-

ues on this order . In the case of the Delaware River mater-

ial (from 4 disposal sites in either Pennsylvania , Delaware ,

or New Jersey), Figure 15 presents average grain—size distri-

butions at each site. Although the materials differed slightly,

measurements showed very little scatter , and the grain—size

distri&,utions compared very well with the range of grain sizes

under study (see Figure 3).

Rate of Settling of Dredged Material

51. This property is related to the type of solids in

suspension , the solids concentration, and the ambient water

conditions. Measurements were made on materials from Branford

Harbor, Cleveland Harbor , James River, and Browns Lake. MIT3

described the procedure for measuring the rate of settling in

the laboratory from stillwater column sedimentation tests

and discussed the hypotheses and assumptions inherent to this

approach. To reproduce field salinity conditions in the labor-

atory, field water conductance and pH measurements were taken

and compared with the properties of the water used in the

laboratory tests. Table 6 summarizes these data on two

materials. Consecutive tests on the same material using water

decanted in the previous test verified the repeatability of

the procedure . 56
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52. Figure 16 plots the grain-size distributions of each

sample tested and Figure 17, the rates of settling measured

in the laboratory for the four materials. Other than particle

size and ambient water conditions , plasticity, degree of uni-

formity, and organic content can influence the rate of sedimen-

tation. All tests were run on samples with 15 percent by

weight initial solids concentration . Part IV justifies use

of this parameter. In the case of more than one test on a

given material , the results remained identical in every respect

to the curves shown in Figure 17. All tests were run for

several weeks. Most of the settling took place the furst day;

the rate of sedimentation continuously decreased to less than

1 x 10
4
cm/sec after three to four weeks. Figure 17 also defines

and lists the Size and Gradation Number (SGN) for each soil tested .

Excess Pore Pressures in Dredged Material

53. Since the behavior of fine—grained material

depends on excess pore pressures and effective stress , a

key question pertaining to sedimentation behavior concerns

whether excess pore pressures exist in dredged material and

if so, are they significant? In order to answer these

questionG , MIT measured field pore pressures at two disposal

sites. Data were also obtained from laboratory simulation

tests. Finally, field measurements on Florida slimes will be

discussed . Barvenik’4 investigated the sedimentation and con-

solidation stages of dred ged materials and developed a new

pore pressure—sedimentation cell to measure excess pore
58 
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pressures in the laboratory.

54. Figure 18 summarizes the evolution of excess pore

pressures with t ime and the solids concen tra tion observed af ter

8 months of self-weight consolidation. The excess pore pres-

sures in Cleveland Harbor material were dissipated after 5 months.

Cleveland  Harbo r

55. In March 1976 , three months af ter completion of the 1975

dredging operat ion and two weeks pr io r to the star t of the 1976

opera tion , MIT measured excess pore pressures at three stations

in Cleveland Harbor disposal si te no . 12 (see locat ion plan

in Appendix A). The site located in Lake Erie was covered by

approximately 5 m of water except at Station No. 2, where a

mound of I to 2 in of sandy dredged material was exposed (Figure 11).

Measurements were taken with the pore pressure probe developed

by Wissa et al.~~ A high air entry porous stone at the tip

allowed measurement of pore pressure , even in the event of

gas formation in the material.

56. Figure 19 presents the results of the investigation

at the three stations. Practically no excess pore pressures

were measured at a depth of 3 m at Station 2 , but this was to

be expected in sandy material. However , a linear increase of

excess pore pressures with depth was obtained in the fine—

grained material at Stations 3 and 4. Figure l9b also de-

scribes the profiles at Stations 3 and 4, based on Corps of

Engineers ’ (Buffalo District office) soundings. The dredged

matertal elevation 4in d thickness differed at each station ,

61
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but the excess pore pressure profile remained similar .

57. Dredg ing took place between Apr il and December , 1975.

If one calculates the total stress p rof i l e  versus depth (using

= 1.5 g/cc for  the dredged mater ia l), excess pore pressures

appeared approxima tel y equal to the increase in total stress.

Average degrees of pore pressure d iss ipat ion , U, may be compu ted

at various depths with the equation :

U = 1  — - -
~~~~

- (6)Aa
~

where 1u = excess pore pressure

increase in total ver tical stress

For all prac tical purposes , no pore pressures diss ipation

occurr ed in the depos it duri ng disposal  or in three months

fo l lowing  the end of the dred ging opera tion . This result may be

in error. Scatter in the data can be due to:

a . Accuracy of the f i e ld  measuremen ts : depths
were d i f f i c u l t  to de termine and excess pore
pressures could onl y be measured within
+ 0.02 kg/cm2 due to the sensitiv ity of
transducer.

b. Heterogeneity of the dredged material: a
un i fo rm tota l un i t  weight , thus degree of
saturation and void ratio , was used over
the entire depth of the deposit but is
unl ike ly  in pr-tctice.

58. The measurement of no pore pressure dissipation is also

somewha t surpr is ing ,  si nce it implies that no effective stresses

act on the soil. Moreover , the Cleveland material is one of

the I- ~Idrser dred ged materials under study (see Figu re 3 ) ; one

would expect some degree of pore pressure dissipation . The authors

questi on the validity of the measured data.

64
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Branford Harbor

59. The authors measured pore pressures  in March 197 6

in the B r a n f o r d  upland  disposal  site , ten years af ter sedime nt

from Branford Harbor channel was deposited in the site . In

this old site covered by 10 to 15 cm of water , the probe pene-

tration was more difficult than in Cleveland Harbor area no.

12 , but could be done martuallv. The dredged material had ,

however , enough consistency to allow walking (although with

difficulty) on the site. Previous investigations done by the

Corps of Eng ineers (New Eng land Div is ion) and by M IT in two

test p i t s , indicated tha t the area had on ly 1.7 m of dredged

material over the original fibrous peat and clayey silt founda-

tion.

60. Figure 2 0 presents the resul ts of the measureme nt s

at four stations. Excess pore pressures appear only in the

foundation in the middle of the area . However , measured exr -’ss

pore pressures  were so sma ll tha t complete diss ipation occurred

before ten years. Scatter in the data shown may have come

f rom two sources :

a. Uncertainty in the water table elevation .

b. Sensit ivity of transducer used : the measure-
men ts were rea l ly  too small for  the range of
stress of the transducer used (0—7 kg/cm 2 fo r
the f i r st pore pressure probe , 0—14 kg/cm2
for the second probe).

The fact that pore pressures in the dredged material were

entirely dissipated after ten years is reasonable since

the thickness of the deposit was very small.

65
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~~~~ rience with Florida slimes and Japanese model clay

61. In Florida slimes (nonhomogeneous slurry material

at 8 percent by weight initial solids concentration , wi th
16

= 125-275 and I = 75— 175) , excess pore pressures measured

in the field also took a long time to dissipate . (Personal

Communica tion , 15 Apr i l  1977 , R.T. Martin , Senior Research

Associate , MIT). For example , in a 6.5—rn -thick slime deposit ,

pore pr essures were sti l l  near the total stress six mon ths af ter

deposi tion . Ladd 16 modelled the consolidation of these slimes

using the Olson finite difference sand-drain program .
17 Resul ts

of h is  analyses shown in Table 7 indicate the effects of thick-

ness of deposit and drainage conditions. All cases started off

from a ‘ sedimen ted” state with a very low initial effective

stress. For deposits thicker than two m , the time for 90 per-

cent consolidation becomes very important.

62. The simulation analyses shown in Table 7 used a

c o e f f i cien t of consolidation , c , of 2 x l0~~ cm2/sec. Table

8 compares c,~ values for each dredged material under study ,

as obtained from DM-7 correlations between coefficients of

consol idat ion and l i quid 1imit~~
8 Values listed apply to comple-

tely remoldecl or normall y consolidated states. Also shown are

measured cv
’s on two materials during the 1975 MIT marsh crea-

tion research.
3 The measured data indicate that use of DM-7

values is questionable since Cv varied importantly with stress

level in the laboratory .

63. In Japan , a model clay was allowed to settle in a labo—

ratory test box 150 cm x 100 cmx 100 cm .
19 

Wi th single drainage,
67
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dissipation of excess pore pressures took more than three

months for a 90—cm-thick deposit (see Figure 21). Whereas

one may question the value of such a small scale test to

represent the behavior in a con tainment area , the measure-

men ts indicate that generation of pore pressures does occur

due to self-weight consolidation .

64. Using Terzaghi ’s one—dimensional consolidation

theory for vertical drainage , Johr son2° studied the effect

of thickness of deposit on the time required for consolida-

tion of dredged mater ial  and suggested as reasonable

coefficient of consolidation the value corresponding to the

effective vertical stress at an average degree of consolida-

tion of 70 percent. In his analyses , he chose cv 
= 1 x l0~~

cm2
/sec and obtained results consistent with Ladd ’s16

(i.e. , times were twice as long since c
~ 

was smaller by one—

half). For drainage paths greater than one m , more than

three years were necessary to achieve 90 percent consolida-

tion . For paths of 3 m , 90 percent consolidation took place

over approximately 18 years.

S umzna ry

65. This section points out the following ;

a. There is definitively an important genera-
tion of excess pore pressures in dredged
material under self—weight consolidation .

b. The laboratory model exhibited appreciable
dissipation of excess pore pressure with
time.

C. Continued field measurements are required
to ascertain the sedimentation and self-
weight consolidation behavior .
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Void Ratio Versus Depth Distribution
of Dredged Material

66. The void ratio of dredged material in a containment

area represents one of the most impor tan t parameters in the

siz ing method and can be de termined from labor atory tests and/ or

field measurements. This section presents predicted and

measured void ratios versus depth for Branford Harbor ,

Cleveland Harbor , James River—Windmill Point , and Browns

Lake dredged materials and measured void ratios in the

Upper Polecat Bay disposal area. The results are then

combined with the previous work done by the Philadelphia

Long Range Spoil Disposal Study7 and with field measurements

taken at various disposal sites in Japan .

67. Laboratory sedimentation—consolidation tests on

dredged slurry at an initial solid s concentration of 15

percent by weight enabled prediction of f ie ld  void ratio

distribution of dredged material. Measurements with time

of change in elevation of settling suspension , solids

concentration versus depth and pore pressures in stillwater

sedimentation cylinders (20 and 30 cm in diameter and one

to two m h igh) , define void ratio—log effective stress

relationships for low stress levels.

68. Figure 17 has shown the rate of settling of four

materials under study. Most of the downward movement

occurred in the first day. Monitoring continued however

71
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until settling progressed at a rate less than 0,1 cm per

day. At this rate , excess pore pressures measured on

Cleveland Harbor material indicated dissipation of more

than 75 percent of the initial total vertical stress (excess

pore pressures due to self—weight consolidation), After

completion of sedimentation and self—weight consolidation

in the test chamber , water contents, taken approximately

in one—cm layers , gave the void ratio versus depth relation-

ship for the material tested . Equation 5 converted

water contents in the settling column to void ratios

(considering 100 percent saturation). The materials

exhibited limited gas generation and a full saturation

hypotheses appeared reasonable . Samples cut from the

sedimented material were consolidated to higher effective

stresses than obtained by self—weight consolidation in a

constant rate oi strain consolidation apparatus.2 1 Data

from these tests allowed definition of a continuous void

ratio versus log effective stress curve above a vertical

stress of 0.1 kg/cm2.

69. The four materials investigated exhibited non-

linear one—dimensional compression behavior in the

laboratory , a.. shown by the experimental curves in Figure 22.

For comparative purposes, the compressibility curve of

Route 80 silt (inorganic material from Plymouth, Massachusetts)

is also plotted and is proposed as a lower void ratio

72
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bounda ry  for fine—grained material . Each material , ini tia l ly

at a ve ry high voij ratio , underwent a rap id volume

decrease within the 0.0005 and 0.01 kg/cm 2 stress range .

There af ter , the void ra tio , already less than 50 percent of

its ini tial value , decreased at a much reduced rate with

*increasing stress , at least up to ver tical stresses o f

0.1 to 1.0 kg/cm 2
. Whether in the field or the laboratory,

void ra tios measured wi th some small residual excess pore

pressure will nevertheless approximate closely the expected

void ratios after complete dissipation of excess pore pressures.

Th is  holds at least below a depth of 25 cm (equivalent to

an e f f e c t i v e  stress u f  0.01 kg/cm
2
), since a small increase

in effective stress will not change significantly the void

ratio. Test -~ ar~itu s, testing procedure s, and results were

descr ibed in more detail in references 3 and 14.

70. Void ratio versus effective stress curves like

those shown in Figur e 22 enabl ed predic tion of void ratio

versus depth in the field. The procedure was to:

a. Divide deposit of dredged material into
several layers.

b. Assume an average void ratio for each
layer.

c. Use the void ratio from Step 2, calculate
the total and uffective stresses in each
layer.

ci . hI  - u n a new void ratio for each layer ,
using calculated stresses and data from
compressibil ity curves (Figure 22).

*Behavi or i t  i~~ esses greater than 1 kg/cm 2 is not considered
herein since it hIs little practical significance for the
sizing problem .
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e. I terate  through Steps 3 and 4 un t i l
the void ratio versus depth of the
deposit remains constant.

71. Plasticity, as well as gr ain size , a f f e ct the

void ratio—effective stress relationships of dredged

material. Comparison of the plasticity indices with the

curves shown in Figure 22 indica tes that a hi gh plasticity

index implies higher void ratios for  given stress levels.

Moreover , saltwater Branford Harbor material  occupies

much more volume in the sedimen tation cell than the

coarser freshwater Browns Lake material. Based on the

compressibility curves shown , the authors predicted the

void ra tio versus depth distribu tion of several dredged

materials. Figures 2 3 to 31 present these predictions

and compare the results wi th field measurements , where

possible.

Bran ford Harbor

72. The dredged material profile in the 10—year old

Branford Harbor upland disposal site includes approximately

60 cm of f issured clayey silt under la in  by 110 cm of sof t

plastic organic silty clay. Figure 23 compares the void

ratio versus depth curve predicted from five column

sedimentation tests on channel sediment with the field void

ratios computed from natural water contents and total unit

weights. Measured and predicted void ratios apply to
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j

conditions of complete dissipation of excess pore

pressures due to self—weight consolidation. They both

averaged 3.10 in the softer silty clay. Some uncertainties

associate with the field void ratio between depths 0 and

60 cm. Major factors include successive drying and/or

rainfalls during the life of the disposal site , periodic

tidal immersion , weathering , and other uncontrollable events

that can influence the state of the material. All of these

can not really be taken into account by the laboratory

tests used to predict the field behavior.

Cleveland Harbor

73. In Cleveland Harbor disposal site no. 12 , located

in Lake Erie , five m of water cover three m of soft organic

clayey silt deposited during the last four months of 1975.

The void ratio versus depth distribution , predicted from

four laboratory sedimentation tests, indicated an average

void ratio of 2.3 (see Figure 24). Two samples recovered

from area no. 12 exhibited an average void ratio of 2.3

(assuming a 100 percent degree of saturation in the material).

Al though small excess pore pressures were measured

at the site , this value should be representative of the

void ratio after self—weight consolidation : if the existing

effective stress of the dredged material was on the order

of 0.02 kg/cm 2, dissipation of the measured excess pore

pressures would increase the effective stress by almost - -

0.15 kg/cm2 at the bottom of the dredged material deposit .
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Figure 22 shows that the void ratio does not change sig-

nificantly in this stress range.

74. In area no. 1 in Cleveland Harbor (see Appendix A),

void ratios were measured in 1971 and 1974 by the Buffalo

District. Figure 25 summarizes the geotechnical profile and

index properties measured on samples from these two programs.

Although the material in this location differed slightly

from the material in disposal site no. 12 (see plasticity

chart and grain sizes in Figures 2 and 3), an average void

ratio of 2.3 , five years after disposal was also measured .

Below a depth of one m , the void ratio in the dredged

material remained very uniform . Figure 25 shows that void

ratios did not change appreciably between 1971 and 1974.

This implies that sedimentation and self—weight consolidation

were complete by 1971.

James River—Windmill Point

75. In this marsh of very soft organic plastic silty

clay (see description in Appendix A ), laboratory tests

predicted void ratios of 3.0 below a depth of 80 cm , as

shown in Figure 26. However , one year af ter  disposal , Old

Dominion University measured a void ratio of 1.30 in

21 sampling holes. All specimens were submerged under

water when sampled , and the saturation should have been
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near 100 percent (Personal Communication , 15 Nov. 1975 ,

D. A. Darby , Professor of Civil Engineering , Old

Dominion University, Norfolk , Virginia). During recovery ,

the samples underwent a volumetric compression of 50

percent. Using 100 percent saturation , the authors

corrected measured water contents to account for the

volume change. This led to an estimated void ratio

between 2.3 and 2.6. The predicted void ratio averaged

3.0 below a depth of 60 cm. The corrected void ratio

remains highly hypothetical , but it is difficult to

believe that a material as plastic (I~ 
56) and as

fine as James River-Windmill Point material would rest

at a void ratio of 1.30 after sedimentation and self—

weight consolidation (based on knowledge gained from other

dredged material).

Browns Lake

76. Erow,. ~ Lake , Mississippi, was dredged in April 1976.

Water contents versus depth were measured during the first ten

weeks after disposal. The silty material exhibited low

plasticity and contained some sand , but little or no organic

matter. The nearby disposal area had an unusual flow

pattern due to unconventional shape of the si~:.e (Figure

27). Moreover , the small size of the area led to some

degree of particle segregation from the inflow pipe to the weir.
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After study of the measured void ratios of the material in each

of the boreholes in Figure 27, the disposal site was divided

into five zones; wherein void ratios versus depth curves were

virtually the same in all boreholes. In fact , the experimental

data were amazingly consistent. From one zone to the next, as

distance from the inflow pipe increased , measured void ratios

increased also; at the same time , the material also became

finer (towards the exit weir). In Zone 1, the average void

ratio over the 3-ni depth of dredged material was 1.20, the

average void ratio gradually increased from 1.40, 1.60, 1.80,

to 2.20 from Zone 2 to Zone 5. The break in the void ratio

versus depth curves in Zones 4 and 5 may indicate that coarser

material had already settled at the bottom of the area , although

this be’iavior, which can be due to spatial and/or depth

segregation , has not appeared in laboratory sedimentation

tests, except in the bottom 5 cm of the specimen .

77. Figure 28 presents the void ratio predicted for

Browns Lake material from laboratory sedimentation—consolidation

tests on a specimen recovered near the weir. The predicted

behavior plots on the lower limit of the measured range of void

ratios (i.e., near the void ratio measured in Zone 1). The pre-

dicted void ratio applies to conditions of no excess pore pres-

sures. The discrepancy between the predicted and measured void

ratios in Zone 5 may be due to incomplete consolidation

in the finer Zone 5 material. Very small excess pore
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pressures are expected , however, in Zones 1, 2, and 3 where

coarser material was encountered . Indeed , if one plots the

individual measurements during the first 10 weeks after dis—

posal , the behavior shown in Figure 29 was consistently ob-

served : in zones 1 to 3, very little change in void ratio

appears between 2 and 4 weeks~ However , in Zone 5, the void

ratio decreased significantly in the 2-week interval between

the field measurements . The behavior in hole B (Zone 5) in-

dicated that settling under self-weight was still important.

78. However , it is doubtful that at the end of self-weight

consolidation , the average void ratio for the whole area will

be as low as the predicted void ratio. It would therefore

seem that the prediction method for void ratios in coarser

sediments such as Browns Lake material leads to less satis-

factory results than in the case of finer materials.

Upper Polecat Bay

79. In the Upper Polecat Bay disposal site , the Corps

of Engineers measured void ratios in the 3—rn deposit 30 months

af ter completion of the dredging opera tion but before the start

of a densification progiarn. At that time, the water table was

located some 30 to 60 cm below the surface. The investigation

included 26 boreholes in which water contents versus depth

were measured . Unit weights were available in nine holes , and

only those were used to define the voi3 ratio profile in Figure

30 (Appendix A indicates the location of these holes). The
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degree of saturation varied from 70 to 97 percent in the 300—

cm deposit and the total unit weight varied from 1.15 to 1.57

g/cc. The data show considerable scatter that probably ori-

ginates from : (1) uneven drying of the material over the 30-

month period since disposal; (2) sampling and testing diffi-

culties; (3) slope of the surface of the disposal area and

therefore varying water table depth; and (4) local variation

in material grain size and plasticity. The average void ratio

below 150 cm was 3.00. This value seems very reasonable for

this type of material (see grain sizes in Figure 14). No

laboratory sedimentation—consolidation tests were done on

this material.

Delaware River

80. In 1969 , the Philadelphia District published a com-

prehensive “Long Range Spoil Disposal Study ”7 on the Delaware

River dredging operations. This document includes detailed

geotechnical investi gations of dredged materials in four dis-

posal areas: Edgemoor , Delaware ; Oldmans no. 1, New Jersey ;

Darby Creek , Pennsylvania; and Pigeon Point, Delaware. This

section summarizes the void ratios measured at each site in

1967. Only data where degrees of saturation could be computed

(i.e., where unit weight data were available) have been con-

sidered .

81. In the Edgemoor site , dredged material has been de-

posit.~ d since 1911. Figure 31 indicates the dredged material
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elevation at selected years and the void ratios measured in

1967 in the 10—rn thick material. The profile includes 1.5 m

of organic clayey silt underlain by soft plastic organic clay

(w1 
= 98; I~ = 51). Measured average void ratios over the en-

tire depth of plastic organic clay go from 2.9 to 2.5 (see

Figure 31). The data, based on 10 boreholes, showed surpri-

singly little scatter , despite the age of the material and the

successive drying periods the deposit must have experienced .

Degrees of saturation , when available, varied between 70 and

100 percent.

82. The Oldmans no. 1 disposal site consists of three m

of dredged material (OH) overlying a soft organic plastic clay

(w1 = 91; I~, = 56). Dredging took place between 1940 and 1962.

The limited data available indicated an average void ratio of

2.70 for the dredged material. In the foundation , void ratios

seemed slightly lower, averaging 2.50. Figure 32 summarizes

the measurements and the profile.

83. The Darby Creek organic clay (w1 
= 100 , I~ = 50) was

also 3 m thick, but only three void ratio data points were

available for the material deposited between 1955 and 1966.

The degree of saturation in the fill seemed higher than 85 per-

cent with void ratios in the vicinity of 2.60.

84. ~n Pigeon Point, dredging started in 1948 and con-

tinued until 1966. At that time, the 6-rn-thick dredged mate-

rial deposit of soft organic clay (w1 = 104, I~ = 47) exhibited

a void ratio decreasing from 2.60 at the top to 2.10 at the
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bottom. iittle scatter was encountered below a depth of 2 m

as shown in Figure 33. Degrees of saturation were all greater

than 75 percent. In this site, age of the material may not be

significant, as void ratio decreased only slowly with depth.

85. In summary, the four Delaware River disposal sites

exhibited the following behavior :

a. The Edgemoor , Oldmans no. 1., and Darby Creek
materials, which had very similar grain.-size
distributions (see Figure 14), and very high
plasticity indices (I > 50), showed a void
ratio of approximately 2.60, which remained
fairly constant with depth, even though some
material had been deposited for more than
fifty years. Therefore, the age of the
material seemed to have little importance.

b. The coarser Pigeon Point material deposited
more recently than the other three materials
exhibited low void ratios in the bottom half
of the deposit. Since this disposal site
was smaller than the other three ,7 some
particle segregation both due to differential
settling and horizontal velocity could have
occurred.

Field measurements in Japan

86. Although Reference 5 presents several case studies,

discussion in this section will be restricted to the materials

encountered in Sakai Harbour near Osaka and to the Japanese

model clay. Table 9 presents index properties for three Sakai

Harbour materials. Grain sizes have been shown in Figure 4.

Each material, all with I~, > 50, comes from a saltwater environ-

ment. Four months after disposal, average void ratios in

the disposal area were 2.9, 3.1 and 3.3, leading to volume

increases from 7 to 30 percent. The data showed considerable
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scatter and these numbers should be considered only as guides

for probable behavior.

87. For the Japanese model clay tested in the settling

box mentioned before,’9 the measured void ratio at the bottom

of the box, after dissipation of 70 percent of the excess pore

pressures, was 3.7. By projecting the expected amount of

settlement in the box at the time of complete dissipation of

excess pore pressures, ~n approximate void ratio of 3.3 after

self-weight consolidation was obtained at a depth of 80 cm.

Table 9 summarizes index properties of the model clay .

Summary

88. Typically, void ratios below one m remained constant

with depth. In newly deposited dredged material , the surface

void ratio was generally very high. When desiccation occurred,

void ratios decreased. However, for storage requirements of

a multi-year usage disposal area, the short-term behavior is

more important, since desiccation will probably not have time

to occur before the next filling operation. Therefore, a typi-

cal void ratio profile after self—weight consolidation would

have a profile similar to the curves shown in Figures 23 , 24,

26 , and 28.

89. Table 10 summarizes the void ratios measured in all

the disposal areas investigated by the authors. The age of

the containment facility at the time field measurements were

taken is also shown. Except for saltwater materials, the

average void ratios of the dredged material in the disposal
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site decrease with lower plasticity indices. Table 9 has also

listed void ratios in saltwater dredged material and they are

generally larger than the freshwater void ratios in Table 10.

In summary, the method proposed to predict field void ratios

from laboratory sedimentation—consolidation tests on sediment

yielded rather reliable results for the three organic clays

studied , but may give less satisfactory results for ‘ery silty

materials

Conclusions

90. Particle segregation from the inflow pipe to the weir

seems to become significant for disposal area sizing only in

small containment areas. In the sites investigated , sandy

material settled within a 200-rn radius from the inflow pipe.

Beyond this sector, dredged material grain sizes did not vary

much except in singular locations such as corners.

91. Laboratory settling rates were initially very rapid

for all materials (50 percent reduction in slurry height in

less than a day). For annual deposits of dredged material

on the order of less than 3 rn thick , the time for dissipation

of excess pore pressures will be relatively short; it can be

reasonably stated that self—weight consolidation will be

well under way before the start of the next dredging season.

In fact, dissipation of most of the excess pore pressures

(50 percent) occurs very rapidly . Based on one-dimensional

compressibility curves for various dredged materials , the 
-

•
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compression index is very low at effective stresses equivalent

to 1 to 5 m of dredged overburden and the change in void ratio

during dissipation of the remaining pore pressures as well as

that induced by additional loading will be small. For sizing

purposes, consideration of the volume occupied by the material

after sedimentation and self-weight consolidation is sufficient.

92. The void ratio of the channel sediment, the

settling rate, total unit weight, and void ratio of the

dredged material can be related to (1) ambient water

environment, (2) grain size, and (3) plasticity of the

dredged material . Void ratios of channel sediment showed

considerable scatter and should be determined preferably through

fixed—piston sampling or as a minimum with disturbed sampling .

However, Figure 34 indicates r~igher void ratios for higher plas-

ticity indices and for higher percentage of fines. The void ratio

in the disposal area (after sedimentation and self—we ight

consolidation) also increased with salinity and plasticity

(Figure 34). In fact, approximate behavioral relationships

for saltwater and freshwater deposits can be deduced from

the data shown (see Part VI).

93. Figure 35 compares channel sediment and dredged

material void ratios with the relationships proposed by

Skempton22 for sea bed and tidal flat deposits. However ,

Skempton only described the behavior of inorganic silts

and clays, and his generalization does not directly apply

to the organic materials investigated . Figure 36 presents
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the volume increases due to dredging and disposal as a

function of plasticity index of the sediment. The

influence of the ambient water does not necessarily appear

in this plot , since salinity affects both e0 and eave.

The limited data in Figures 34 and 36 indicate the need for

additional field data in order to provide more reliable

guidelines based on observed field behavior .
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PART IV: DREDGING OPERATION PARAMETERS

Introduction

94. The dredging operation involves four parameters that

affect volume predictions: the overdredging factor, F
0
, and

the removal, transport, and containment efficiencies Fe~ 
F~ s and

Fc• Determination of these parameters can be based on exper-

ience , “best estimates ,’ past case studies , and field measure-

ments. Control of the dredging and/or containment operation

can also “assign ” values to these variables, especially with

respect to losses of material.

Definition of Parameters

95. During a dredging c peration , both solids and liquids

are gained and lost due to the dredging process. Evaporation ,

rains , and waves can affect fluid volume but will not signifi-

cantly change the amount of solids (if adequate freeboard is

provided) and will not be considered in this analysis. Four

parameters affect the volume of solids handl~~1 in the contain-

ment system : gains of solids resulting from overdredging and

1os~es of solids (1) around the dredge , (2) during transport ,

and (3) in the disposal area.

Overdredging factor

96. Overdredging depends on;

104
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a. The type of sediment : F0 can vary with
stiffness of the sediment. Maintenance
and new dredged material are likely to
have different F0 values.

b Control of the dredge position : The
ability of a dredge operator becomes
important.

C. Instability of side slopes and other
possible local characteristics.

Figure 37 illustrates overdredging as defined in some U. S. Corps

of Engineers District offices. (Private communication , 21 Dec.

1975 , A. F. Pruett, Assistant Chief~, USI½E, Mobile , Alabama.) The

Corps generally requires dredging to some depth below design

level in order to maintain an adequate channel. This extra

depth is usually 60 cm. In addition to this depth, the Corps

will pay the contractor for removing, at his option , an addi-

tional amount of material over the bottom width only. This

latter quantity also represents a depth of 60 cm and is called

allowable overdepth. Below this depth , the work is not paid

for. Since the contractor cannot dredge up side slopes, paid

cross sections consider a box cut equivalent to the shoal quan-

tity at the cross section. Overdredging involves the quantity

of removed material for which payment will not be made and is

shown as cross-hatched in Figure 37. Volume of sediment to

be dredged should therefore include expected paid overdepths

removed by the contractor. In the Mobile District , overdredg—

ing factors backfigured from four dredging jobs varied from

31 to 78 percent , as listed in Table 11.
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Efficiency of operation

97. For dredging currently done in the U. S., not all solids

from the in situ sediment enter the mouth of the dredge ; losses

due to agitation or suspension of soil particles occur during

removal. Values for the removal efficiency factor, F0, depend

on the type of sediment, the type of removal , the pumping rate,

the rate of advance of the cutting too], soil density, and tidal

velocity. Specific values of Fe are generally determined from

experience. These are discussed in Table 12.

98. Solids can also be lost during transport from the

dredge to the disposal area as a result of leaks or breaks in

the pipeline . Values of the transport efficiency factor ,

depend on the amount of control exercised over the dredging

contractor and the type of sediment. For large well-run oper-

ations, F~ will likely approach 1.0. Requirements for F~ equal

to 1.0 could be established in dredging contracts.

99. The efficiency of the containment system , F0, depends

on the amount of solids lost from the containment structure

and the amount of solids discharged through the effluent weir.

Considerable material may be lost if dike freeboard is not

sufficient to prevent breaching. Choice of adequate weir

outflow and slurry inflow rates as a function of containment

size and settling of solids should help keep F
~ 

high.

Solids concentration

100. Solids concentration , Y~ , is the percent by weight
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1



0 4 . 4  0 0
4.4 0 1 )  0 4 *  0

10 1-’ •~~~41 10.1 44 1 .0.  0
4) 4) 0 4 . 0  .4.4 0. 4) 14.4 10 .4
00 ~~~41 1.0  4 1 4 4 4 1  0 ‘~) 4.4

0* 44 1 . 0  .—I~~~0) 44 00 4 1 4 I ,-1 1 4 * 0 4 0  4 * 0
4-. 4- — ..4 .4 .J 4* 0. 0 ~ 4- .4 0. I-.
0 4-. 141 44 0 4 0 4. . W 0 4 ) 4 . 4
44 H .~~~10 1. .4 18 0 1 0 0 41 0 0
U “ 0 00 U 0. U ‘4~ 04 00 ._I 44 .4 0

44 0 0  4* U 0 ~~~~~ I.4 4* 4-4 10 U
0 0. .-.4 0 .0 0 ~O a’ 0. 1.. .~ 4* 0

LI 0. *1 .  0 ~~~~A 4 ) U U  4 4 0
0 444.4 04 -  1) 0 0.1.4 ~~~ 4* 4 ) 0

).. 4 1  4- . .4  1 4 . 0 4 ) 4 .0 -‘C .0 C’ ) Z 4 *
0
0
.0 0

3 4 - 4  ‘.~~~ . 1.4 0
.4.0 ~0. J  4) .4
4 . 4 1  0 .-I 0 ‘40 ) 1 0 _ I  1 0 . 4  1 )0

10 ~O 1 4 W “5 0 ) 1 0  00 1.’ 4 * 0C .4 4.4~~~~ NI I I I I — I ‘0 ~~ 0 0
4- —4 0  I I I I 0 0  I I I I —4 .-I ..4 44 4- 4.4
0 0 4 1 1 0 .4 .4 4 1 0 4 4 10
LI 1/1 U .0 ..4 ‘- ‘ ‘.- — .~~ ~ 4.4 4.4

0 0~~~ 41 0 1J .4
O H  N4 .-1 1 . 4 4 ) 0 0 0

44 U
I-.
0
4) U 41. 4 1 0  1.4 14.

0 • 4 * 01 ) 4 4 1  4 * > -. 4.4 04 0
‘-4 41 0 4  00

4 . 4
.0 41 .4 04 0 0 * 0 I N- 8 “ ‘0 ~~ 0 U 4.4 41 14

.4 41 .4 H 0 0 I 0 I ~ ‘ a’ ~~ a’ 0 0 4  10 41 4*4) U U .-4 .-4 .-4 -4 - A 0 ‘4-4 14 ~U 0
1 4 0 4  0 - 4  1.4 04 .0
4 4 1  04 - ’  . 4 0 ) 1 4 0 4
‘4~~~~ U 4 - 1  > 4 ) 0 . 1 4 *4) ‘4

141 41 4-. ~~~ 1..
N4 1 4 . _I 0.
. 4  4 1 1  14.

04~~0 4-’ *4) 4 - > .
44 0 4 -  0 0  .-4 4-

—4 0 0  0 . 0  4 - 0  4.4
.0 .4 44 41 0 0 ~~ 4I~ 0 0 N’ 0 0 4.4 0
4* 4-4 0 0 .4 4 0 0 a. a’ ~~ 0 0 ~~ a’ I a. 0 4.4 U 4)1-. 10 0 4* 0 .4 .‘4 A A A “4 -~ A -I U 10 >. 0

4- 41 i. ... U 4 * 1 4 1 .0.
44 ~- .‘4  4-. 0 . 1 . 4 1 4 0 4

41 .4 0. 4 ) 0 0 0
14 III 14.
41 44 4-4 0 4-5 4.3
44 4..
0 44

. 4 . 4  4-.

~0 0
41 4-3 . - 4 0
4. 1 0 0  0
0 44 0 0 0 .45 4(5 0 0 X N. 10. 4- 4.4

0 0 ,4 H 0 0 .-4 a’ a’ 0 0 ~ a’ a’ a’ 0 0U .-4 .-4 I A A •-I 4 - A 1.4 41
o “ 0

0 0 . 4  14 .-l W
44 .4
‘.4 141 0 . 4 * 0 410 040 1-4
-~~ 41
..4 0 ‘.4 >.
4* .4 0 .-1 10 1.4

4-3 411.. ._I-4 1 44 . 4 4.4

~~ 0 
10 0 0

1. 14 H 0 1’5 N. .-4 0 0 0 I . 0 I -? (‘5 41 0 0.
~O 0 ‘-4 ~~ —I .-I 04 I I .-I I (‘I 

~~ 1.4 04 .4 0
I. .-. •0~~~ 0
4* U (‘5 “5 0 0  -~ N 0. 4* o ~- 4-

43 04-5 ’~-3 t4*14. 1 4 4 *  0
0 0  44 0.

10 0 4-4 0)
4.’.4 .0 4* .j

4 - .
0 0 4  4.4 4.4 4.’ 4.4 4 * 0  4.4 0 . —  0 4 4 0 4 * 4 *  .4 (4 44

4.1 U U U U — 4 0  U — 4 .  ~~~. 0 X 0 . 4  4J U 4 1
04 4* 0 _ I  .~~~ -_I .4 44 .4 0C~~ 4 4 0 4  0 4 —~ .4 -’ IJ 00 41 41 -‘.4 1.1 0
U O  ‘.4 1. ~~~~14 4 ) 1 4 . 414 0 0 4  .-4 1. ‘~~~~~- • ‘  10 ‘10 50 141 44.1 0 ‘4
1. 1.. 4 * ’ 4  0 4 . 4  —4 ..’ 0.J 14 -_I 1.4 1.4 4 * . -~ 41~~~. 0 .0  4* 1 .41.4 0
0 0  ‘ 4 . 4 1 . 4 4 1 . 4 4 1 4- 4 *  ~ 4.4 1 0 — 4 ~~~ > 4 1  ~~ 4.4 .0 1 0  14 1.4 O U

‘4-’ ‘4- .4 14 .4 .0 .4 4 . 4 0 4  ) .4 44 ~4 —4 - — —4 1. U 0. 41 41 00 44 I -0 0 0  0 0  00  0 * 0  4 * 0  4 * 0  .0~~~ 1 0 0  - 0 0 1 1 4  > 04 
~~~~~~ Z X 0 00 4)4 0. ~~~~~~~

4-
~~~~0 . 1- 4 ’ ,~~~~~~~ 41 ~~

109



of solids in the slurry entering the area. At the present time ,

estimation of solids concentration , relying on experience and

limited field measurements, remains approximate . It is out

of the scope of this report to determine the factors influencing

the solids concentration of the material entering the area.

Review of Current Practice

101. The authors consulted selected Corps of Engineers

and dredging specialists for dredging operation parameters as

shown in Table 12. Numbers were generally based on experience.

The average “best estimates” offered by all the specialists and

as compiled by the authors indicated that the overdredging

varied between 20 and 30 percent and that overall losses (dur— .4

ing removal and transport and from the containment system)

were less than 5 percent (Fe 
= 97 percent, F~ = 100 percent,

= 98 percent). Solids concentrations averaged 15 percent,

by weight. Table 12 also summarizes the average and best esti-

mate of each dredging operation parameter and lists the vari-

ables affecting each of them.

Field Observations

102. The authors measured the dredging operation param-

eters in the Cleveland Harbor , Branford Harbor , and James River-

Windmill Point disposal sites and observed qualitative losses

at several other containment areas. Whereas overdredging has
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to be backfigured and cutterhead efficiency was difficult to

assess, losses both during transport and from the containment

system have been observed in many cases. However , transport

losses were never very large (estimated as less than 5 percent

by weight of the solids dredged in the channel). On the other

hand , losses at the weir have sometimes been very high.

103. Solids concentration does not enter in the predic-

tion methodology equation as such, but affects settling rates

of the dredged material. In Cleveland Harbor, measured solids

concentration in the slurry directly from the inflow pipe

ranged from 10 to 25 percent solids by weight .

Recommendations

104. The selection of an overdredging factor should be

based on local experience along a particular channel reach to

be dredged. The authors recommend using an overdredging factor

between 0 and 30 percent , with the value decreasing with in-

creasing sediment strength . For smaller jobs, slightly larger

F0 values can be used. Very strong winds or tides during dredging

can decrease the removal efficiency , Fe? by 5 or 10 percent.

Otherwise , Fe should remain near 100 percent. The authors recom-

mend using Fe = 95 percent , F~ = 100 percent and Fc 100 percent

in the sizing methodology unless local conditions indicate

different values. The volume of sediment to be dredged should

consider expected overdepths paid to the contractor since these

are not included in the overdredging factor.
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~~~ ——~~
--—. -4---—



Summary

105. In the sizing equation , the product FeFP
FC P as re-

commended , is 0.95. On the other hand , F0 can go from 0 to

30 percent. If Equation 4 is rewritten such that

= Z(l + Fo)FeFp
Fc (10)

Vt(l + eave) . -where Z replaces (]. + e ) and is considered as invariant,

the effects of the dredging operation parameters on the required

volume can be obtained. The uncertainty due to the overdredg-

ing factor, F0, can alter the value of (1 + Fo)FeFpFc from 0.95

to 1.24.
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PART V :  APPLICATION S OF THE PREDICTION METHODOLOGY

Introduction

106. In Part V the authors apply the prediction metho-

dology to four disposal sites:

a. Cleveland Harbor disposal site nos. 1
and 2.

b. Cleveland Harbor disposal site no. 12.

c. Branford Harbor upland disposal site.

d. Anacortes.

The information necessary for the solution of the sizing

equation at each disposal site was not always available . In

such cases , engineering judgment and experience with other

dredged materials were used. Appendix A describes the lay-

out and investigations at each disposal site. When perti-

nent, the applications consider the following four components:

the channel sediment, the dredging operation , the dredged

material , and foundation settlements. Predicted containment

volumes are then compared to field performance , when avail-

able.

Cleveland Harbor

107. Disposal sites nos. 1, 2,and 12 in Cleveland Har-

bor, built in the waters of Lake Erie , contain dredged

material from a freshwater environment. Figure 38 shows a

113
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plan of the vic inity of the sites and Figure 39 the planar

dimensions . In experimental site nos. 1 and 2, filling

lasted from 1968 until 1973. In area no. 12 , filling star ted

in 1975. This last area was designed to contain also the

material from 1976 and 1977 maintenance dredging of both the

harbor and Cuyahoga River channel.

108. Application of the sizing methodology in Cleve-

land Harbor involved three steps :

a. Prediction of the required containment
volume in area nos. 1 and 2 and compari-
son with actual performance.

b Prediction of the required containment
volume in area no. 12 for the material
dredged between Apr il and December
1975 and comparison with actual per-
ormance.

C.  Sizing of area no. 12 (height only,
since horizontal dimensions are fixed)
to contain the projected material
dredged until 1977 .

Area nos. 1 and 2

109. In area nos. 1 and 2 (see Appendix A for further

details) , the dredged material was 3.66 m above low water

datum . Based on yearly channel surveys , the total volume

removed by hopper dredges was 2,172 ,030 m3, approximately

25 percent more than the expected design volume of 1,727 ,830

m3. Freeboard on the dikes averaged 76 cm. However , during

disposal , two storms swept over the disposal sites and some

loss of solids may have occurred . But no reliable quantity

measurements could be made . The total planar area was

217 ,385 m2.
115 
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110. Figure 40 shows the profile through area nos. 1

and 2. The ground surface of the dredged material was essen-

tially horizontal, but the original lake bottom sloped gently

eastwards. The average depth of dredged material was 9.75 m

in site no. 1 and 10.35 in in site no. 2. The total storage

volume available was therefore 2 ,395 ,840 m3.*

ill. All areas contained sediment from Cleveland Harbor

and Cuyahoga River . The in situ void ratio , averaged over

several years was measure ’ as 2.05. It should be noted that

if actual volume in hoppers were used to determine the vol-

ume of material dredged , the in situ sediment void ratio

wou ld no longer apply since the material may occupy a dif-

ferent volume in the hopper dredge. In the relatively soft

Cleveland sediment, some overdredging is expected , but the

eff ic iency of the operation (done by Corps of Engineers ’

and contrac tor ’s hopper dredges) should be high. The pro-

duct F
eFp

F
c 

was selected as 0.95 as losses from the hopper ,

during transpor t, and from the containment system could

occur. Since dredged volume estimates were actual volumes

dredged , the overdredqing factor is zero .

112 . The Corps of Eng ineers measured the average void

ratio of the dredged material in site no. 1 and consistently

obtained 2.30 over several years. Site no. 2 contained

mater ial very similar to the material in area no. 1 (Personal

~A l1 volumes rounded off to nearest 5 m
3.
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Communication , 9 March 1976 , G . E. Greener , Construction—

Operat ion Division, Corps of Engineers , Buffalo District,

New York). Since no other data were available , the value

of 2.30 for e W35 selected for the combined area nos. 1ave

and 2 (see Part III).

11 3. Apply ing Equat ion 4 , the predicted containment

volume , VCA? becomes :

— 
2,172 ,030 x 0.95 x 1.00 x 3.30 3VCA - 

3.05 m

VCA = 2,232 ,560

The method underestimates the storage volume by 9 percent.

However , if one computes volume increases through the rela-

tion hip:
1 + e aveVolume increase = 
1 + e 

— 1.00 (7)
0

where eave = average void ratio of dredged material

e in situ void ratio of channel sediment ,

the measured data show that no swell occurred at disposal

sit,-’ nos. 1 and 2. This is believed incorrect and can pro-

bably be explained by an appreciable loss of solids during

stormy weather . Consideration of these losses (if it were

possible) would reduce V~~, Vc~~ 
and the relative error on

predicted volume. For example, ifS percent of V~. had been lost during

the storms, the measured swell of the dredged material would

increase to 5 percent, but the sizing method would now under—

predict the volume by only 3 percent. Whereas , the authors

do not know what effective loss occurred , the analysis shows

that the results of the sizing procedure remain very sensi-
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4

tive to a reliable assessment of the volume of sediment

(slurry) actually in the disposal site and the void ratios

selected for sediment and dredged material.

Area no. 12, 1975

114. During the eight dredging months in Cleveland Har-

bor in 1975, the hired contractor and the Corps of Engineers

dredges removed 742,910 m3 of sediment (based on channel

surveys). The average thickness of the dredged material

below 5 m of water was 3.05 m (see Appendix A for profiles).

Using again

2.05

F0 = 0%

FeF F0 = 0.95

e ve = 2.3 (from Figure 24),

the predicted versus measured containment volumes as well as

volume increases agreed very well , as listed in Table 13.

Future disposal in area no. 12

115. The total project volume to be disposed of in

area no. 12 is 2,102,450 m3 . However, the allowed over-

depth will probably be also removed and approximately 5 per-

cent of the total volume of sediment should be also included

in Vt. Local experience suggests 20 percent overdredging

as common . Substituting in Equation 4, the e0, eave,

Fe~ ~~~ 
and F0 values discussed earlier , 

the predicted

volume occupied by the dredged material will be I -

2 , 722 ,915 , in . Given the planar area of site no, 12 , the
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thickness of the dredged material will be 11 .4 m.

116. The final consolidation settlement of the founda-

tion can be computed with the following relationship:23

Cr C0 0vf
= 

i=1~~ 
( 1 + e log + 

~ + e 
log 

) 
(8)

where p = settlement

H. = thickness of layer i

n = number of layers

Cr = recompression index

Cc = compression index

e = initial void ratio in layer i

= maximum past pressure

= in situ vertical effective stress

~vf 
= final vertical effective stress

117. Using the profile and soil properties of Lake

Erie bottom shown in Figure 41 and average total unit weights

of 1.5 g/cc for the dredged material and 2.0 g/cc for the

dike material , settlements of 100 cm in the center of the

disposal site and 150 cm under the dikes were obtained if

foundation was considered normally consolidated (n.c.). The

settlements reduced to 50 cm and 100 cm , respectively, when

the top of the deposit was considered overconsolidated. How-

ever , since the permeability for the silty clay foundation is

probably low , most consolidation settlement will not have time

to occur in the three-year planned usage . It would therefore

seem that the dike freeboard as designed will be insufficient.
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H
2
0 (Lake Erie)

Soft silty clay with lenses of very loose
2 - silt , some- f ine  sand.

e = 1.7
C° = 0 . 5

4 .  CC O . O $

4 
= 1.5 gicc

6 . — If OCR* > 2 , 
~~~~~~~~~~~~ 

=

Medium-s t i f f  si l ty clay with silt lenses
e = 1.6 1 = l . 5 g / c c

0 t
8 C = 0. 20 C = 0 . 0 4r

— 

Medium-st i f f  to stiff  si l ty clay, thick
~ 10 - 

silt lenses
e 1,50 o

12 - c = 0.11
C.

C = 0.02
14 - 

1t = 1.5 g/cc

16
Stiff boundary taken at depth of 20 m
* OCR = overconsolidation ratio

Figure 41. Sediment profile underlying
Cleveland Harbor disposal sites 
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Branford Harbor

118. In September 1976 , the New England District

dredged approximately 72,500 m3 of sediment in Branford ,

Connecticut. The material will be deposited in an old up-

land disposal site , which has not been used in 10 years. -

Figure 42 presents a plan of the site under study, approxi-

mately 44,540 m2 in area. Appendix A locates the project

and describes the laboratory and field investigations .

119. The following parameters were used in the sizing

equation :

a. e0 = 2.50 (measured average).

b. F0 = 30 percent (local experience).

£ FeFpFc = 0.90 (losses are expected).

d. e
~ve 

= 3.20 (as measured in existing
site.

e. Vt = 72,500 m3 + 15 percent “allowed
overdredging .” For this job, the
allowable depth of 60 cm will probably
be entirely removed .

Applying Equation 4, the required volume , VCA, becomes:

— 
83,375 x 1.30 x 0.90 x 4.20 3

3.50 m

VCA = 117,060 in
3

This volume implies a 2.6 m thickness of dredged material

in the upland disposal site.

120. Figure 43 presents the profile and stress history

used in the foundation settl:::nt analysis. No complete

!E _ _ _ _
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E f f e c t i v e  stress , kg/cm 2
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Figure  43.  SoIl profi le  at Br an f or d  Harbor disposal site

126

______________ - — —.— ---- —- -—



borings of the foundation material underlying the upland

disposal area were available. Test pits in the previously

dredged material exposed 1.3 m of highly plastic organic

silty clay , brown at the surface and gradually changing to

dark—grey . The lighter surface material appeared desiccated

with numerous fissures. One consolidation test on a sample

from a depth of 1 in yielded a recompression ratio, RR ,* of

0.059; a virgin compression ratio , CR ,* of 0.25; and a maxi-

mum past pressure of 0.3 kg/cm2. Analysis of material from

a tube sample extending below the test pit (1.3—2.0 in) indi-

cated a layer of fibrous , non—decomposed peat. Ladd23 re-

ported values of CR = 0.45 for peats occurring at natural

water contents of 250 percent.

121. Samples from the harbor foundation indicated 4 m

of dark—grey , soft organic silt with shells overlying 3.3 m

of dark-brown , soft organic clay founded by firm sandy silt.

Consolidation tests of the dark-grey silt yielded a recom-

pression ratio , RR of 0.10 and a virgin compression ratio ,

CR, of 0.145. Tests on the brown silt indicated similar

results. The average total unit weight of the 2.60 rn—thick—

dredged material was selected as 1.4 g/cc . The maximum

effective stress increase was, therefore , 0.10 kg/cm2 at

the fibrous peat-dredged material interface. Using Equation

8, a foundation settlement of 15 cm was obtained 1

122. However , in the short time available for disposal,

little consolidation settlements are expected . The foun—

*NOTE : RR = Cr/ 1 + e and CR = Cd 1 + e.
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dation set t lements for sizing purposes are , therefore , neg-

ligible. The dredged material in the disposal site will

have a thicknes s o f 26 0 cm above the eleva tion of

the site after dike construction by the contrac Tor .* Table

13 summarizes the prediction.

Anacor tes

123. In the Anacortes disposal site, shown in Figure

44 , both containment volume and volume of sed imen t e f f e ctive l y

in the disposal area were measured , but the average void

r a t i o  of the dred ged material was unknown . However , the geo-

technical properties discussed in Part I I I  and the site and

mater ia l  descriptions in Appendix A gave an indication of

the possible behavior .

124. The volume of saltwater sediment dredged (based

on Seattle District records) was 404,230 rn3 , but 20 ,475 m3

were lost over the weir at the end of the operation. The

effective volume of sediment , Vt
F
c v in the d isposal si te

was 373 ,755 in 3
. Based on the site and profile descriptions

in Appendix  A , the channel sediment included three soil

types , ca l led  for  the pr esent purposes “sand ” ( SM ) , “ s i l t ’

(ML) , and “clay ” (CH) . Figure 45 shows t he grain sizes of

~~~~ siders no swelling of the foundat ion upon removal of
iiia terial by the contractor for dike construction .

_ _ _ _ _ _ _ _ _ _ _ _ _  - 
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FIGURE 44. ANACORTES DISPOSAL SITE
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the three materials and Table 14 describes their character-

istics. Atterberg limi ts were available only on the CH

material: w
1 

72 , w~ = 28 , and I~ = 44 . The in situ

void ratio of the sand was 0.89; however , measurements in

the other two types of soil were not available. Profiles

at various cross sections of the channel to be dredged

(Appendix A) indicate the following proportions of SM, ML ,

and CH materials in the sediment dredged:

a. sand (SM) = 5%

b. silt (ML) = 53%

c. clay (CH)  = 42 %

125. Based on Figures 4 and 34, and on Tables 9 and 10,

the following void ratios were assigned to the sediments.

Sediment In Situ Void Ratio , e0

Sand (SM) 0.9

Silt (ML) 1.8

Clay (Cli) 2 .25

Table 14 lists the reasons underlying these choices. The

wei ghted average void ratio equals 1.94. A weighted average

void ra tio can be used only under very particular field con—

d itions , where different types of material exist in separate

states along different reaches of the channel and are not

131
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intermixed . The procedure would not be applicable if the

channel sediment actually contained a mixture of the various

materia is.

126. L i t t l e  overdredging is expected . F0 was selected as

15 percent.  The predict ion used the recommended value for

parameter Fe (Fe = 0 . 9 7 ) ,  but increased F~ to 1.00 since no

long pipelines were required for transport of slurry . The

parameter Fc has already been taken into consideration in

the e f f e c t i v e  volume of channel sediment-re ta ined computat ion .

127. The average void ratio for each component of the

saltwater dredged material and the weighted average for the

dredged deposit were selected as shown in Table 14. Com-

pared to the in situ sediment void ratios , these values im-

ply an overall volume increase of 20 percent upon disposal

in the Anacortes disposal site (after sedimentation and self—

weight consolidation). Using an average total unit weight

of 1.5 g/cc for the dredged material , the effective stress

increase on the foundation varies from 0.18 to 0.42 kg/cm
2
.*

No geotechnical properties of the foundation (shown in

Figure 46) were available. Since the stiff foundation has a

low compressibility, the foundation settlements during

disposal  w i ll  be negl ig ib le , compared with the total contain-

ment volume .

128. Appli~ ition of Equation 4 leads to the required

*original ground elevation in area varied between -1.2 and
+3.] m (datum at MLLW) .
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0 - ____ Loose silt , some sand , shells, and
MT . organic matter

1 -

Cli Stiff to very stiff silty clay , trace
2 - 

of gravel , sand, shells

S 3

.0
4-’
04 -0)
0

5 -  
_ _  _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _

Medium to stiff silty clay

15 - L
~~~~~~~J

Hard-layered silt and clay

Figure 46. Foundation of Anacortes disposal site
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con ta inment  volume , VCA
;

v — 383 , 755 x 1.15 x 0 .97  x 3 .52  m 3
CA 

- 
2 . 9 4

VCA = 512 , 530 m3

The measured containment for 383 ,755 m 3 of sediment was

535 ,170 m3. The predicted volume is therefore unsafe by 4

percent. Adequate design would require also additional dike

height for adequate freeboard . The discrepancy between mea-

sured and predicted containment volumes could be due to the

following reasons.

a. Uncertainty in e for both the silt
and clay portion~ 8f the material.

b. Predicted dredged material void ratios
apply to end of self-weight consolida-
tion conditions. However , the mea-
sured storage volume was taken immedi-
ately after disposal , and consolidation
of the more recent dredged material
may not have been completed .

c. Rough estimates of proportions of sand ,
silt , and clay materials in sediment.

d. Incorrect estimates of F0, Fe~ 
F~ and

e. Difficulty in calculating the storage
volume of the containment area (due to
the uneven original surface) -

Table 13 summarizes the parameters used for the prediction.

f 135

. _ ___ __ ____

~

_.._

~

__._

~

__-—- .1.—— - —.-- - - .-- 

~~~~ - - 
———



Summary

129. Pa rt V has shown how to use the prediction method .

In some cases , very l i t t le  data were available , but correla—

tions wi th  other dred ged mater ial provided estimates for the

missing data . In the three instances where predicted and

measured vol umes were compared , the results were generally

satistzctory . This procedure therefore reduced the uncer-

ta inty  associated with containment volumes determined from

t radi t ional  sizing techniques as illustrated in Part VI.

Comparison of measured versus predicted volumes in Cleveland

Harbor disposal sites ag reed amazingly well. However ,

su f f i c i e n t  freeboard wi l l  not be available if the three—year

design sediment volume is disposed in area no. 12. Carefu l

monitoring at t~~ e end of the yearly f i l l i n g  operation is

therefore recommended in order to prevent major  solid losses

by overtopping .
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PART V I :  GUIDELINES FOR SELECTION OF SIZING

METHODOLOGY PARAMETERS

Channel Sediment

130. The void ratio of the channel sediment is a ma-

jor unknown in t1-~ sizing procedure . The only good way to

obtain values remains undisturbed sampling in the channel

to be dredged . However , because of sampling difficulties

and the water environment , even tiese results can present

major scatter . If undisturbed samples are not available ,

void ratio can be estimated from water contents on disturbed

samples , grain sizes, or plasticity . As shown in Figure

5, e0 increases with finer particle size and ambient water

salinity and probably with degree of uniformity in grain

sizes.

131. However , the best correlation properties for

the in situ void ratio remain the Atterberg limits and

plasticity index . Based on the data presented earlier ,

the authors recommend selection of e as a function of either

I or wr if measurements are not available. Relationships

are shown in Figure 47 for channel sediment. The figure

distinguishe s between saltwater and freshwater deposits.

However , one must remember that these recommendations

were based on limited data. Additional field measure-

ments would greatly help to refine selection of e0.

On the void ratio—liquid limit plot , Skemptori ’s lines

for inorganic materials are also shown for comparison.
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132. To i l l u s t r a t e  the scatter recorded in measured

e , each ind iv idua l  data point for  Cleveland Harbor and

B r a n f o r d  Harbor  sediments has been plotted on dot f requency

diagrams (Figure 48). In Cleveland Harbor , 82 percent of

the data lie within ~ + 0.55 , where e is the mean in situ
0—  0

void ratio (e0 = 2.05). In Bran ford Harbor , 75 percent of the

data lie within e + 0 . 7 0  (
~~~ 

= 2.05). Standard deviations
0—  0

are shown on the figure. The dot frequency diagrams and

Figure 47 lead the authors to estimate that an average void

ratio of sediment has a + 20 to 25 percent uncertainty fac-

tor associated with it.

133. In summary , three alternatives enable one to

estimate e :  (1) obtain undisturbed samples and measure

water contents , and total unit weights (to compute

void ratio and degree of saturation), (2) obtain disturbed

samples and measure water contents (assuming S = 100%),

(3) use the correlations developed in this study. This last

method should be done in three steps , if both Atterberg

limits and grain sizes are available (all easily measured

on disturbed samples):

a. Find e function of I and water
— salini~ y. 

p

b. Find e function of w1 and watersalini~y.

C. Compare values of e0 and select bestone from experience and perhaps by
using Figure 5 where e0 is relatedto grain size.
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Sedimentation and Self-Weight Consolidation
of Dredged Material

134. Measured void ratio of dredged material has

shown much less scatter than the void ratio of the channel

sediment. Predicted eave from laboratory sedimentation-

consolidation tests have agreed amazingly well with field

measurements. For sizing containment areas designed for

multiple-year usage , the authors recommend considering the

void ratio attained after sedimentation and self-weight con-

solidation , since dissipation of most excess pore pressures

will occur during and between dredging seasons. Full dis-

sipation of pore pressure ~-~ill increase the effective stress

in the dredged material , but as pointed out previously, the

void ratio does not vary appreciably in the 0.005 - 0 .1

kg/cm2 stress range. Means of assessing eave include (1)

laboratory tests and (2) as for e ,  correlations with plas-

ticity index and/or liquid limit.

135. Laboratory column sedimentation—consolidation

tests remain the best way to predict eave. Tests performed

at MIT have shown that the results are both repeatable and reli—

able (see Part- ITI). If these are not available , Figure 49 shows thc

relationship between eave and index properties. No information

was available for saltwater sediments with low I ‘~~~~. The authors

estimate the uncertainty on eave on the order of 10 to 15%.

l 3~~. The void ratios shown in Figure 47 and 49 allow
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one to calculate the volume increase* of the channel  sediment

a f t e r  dredging , tr anspor t,and disposal . Figure  50 shows the

volume inc rease  as a f unc t i on  of I for  f reshwate r  and s a l t —p
water  deposi ts .  A volume increase factor of 1.00 ind icates

no volume change . Volume increases computed f rom the f ie ld

da ta  presented appear as data points in the f i gu re . The

scat ter  emphas izes  the need fo r  addi t iona l  f i e ld  measure-

ments (see reference 24 for a summary of the data).

Reliabi1’t~ of Siz ing Method

137. Table 15 summarizes the uncertainties associated

with each methodology parameter used for predicting the neces-

sary ~‘~ iume to contain the material removed in 1975 and dis-

posed in area no. 12 in Cleveland Harbor. No uncertainty was

associated with the volume of material to be dredged , Vt s since

soundings before the job determined more or less accurately the

volume removed . If the user of the sizing method believes that

V~ is not r e l i a b l e  in his  p a r ti c u l a r  problem , the range of prob-

able values can easily be incorporated in the analysis.

]38. The uncertainty associated with void ratios of

channe l sedimen t and dredged ma ter ia l depends on the type of

mate rial and w i l l  vary  for each job. However , the 20 percent

var iations observed in Cleveland Harbor and Branford Harbor

l + e ave
Defined as 

~~~~~~~~~~~~ e0 
— 1.00
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sediments appeared fairly typical. Based on the scatter in

Figure  4 9, the authors  selected an uncer tain ty of +15 percent

for  the void ra tio of dredged mater ia l  in Cleveland Harbor .

The influence of the loss factor was relatively small (F F Fe p c
= 0.95).

139 . Table 15 ists the containment volumes for the

expected ranges of variation of each parameter and indicates

that the most important variations were due to the uncertain-

ties in void ratios . Figure 51 illustrates the effect of

e~~-h parameter on the predicted containment volume , while

main taining the others at their best estimate values. The

relative error with respect to the actual measured volume

is also shown. Using extreme values for each parameter , the

ran ge of con tainmen t volume as pr edi cted by the siz ing

methodology will differ from the numbers shown in Table 15 ,

but the situa tion where simu ltaneously eave wil l  be predicted

with a ~l5 percent er ror  and e
0 

with a -20 percent error is

very unlikely.

140. Figure 52 illustrates the evolution of the sizing

techniques for containment areas and their probable reliabil-

ity. Four methods have been applied to the 1975 material

disposal in Cleveland Harbor area no. 12.

a. Bulkinq or design factors between 0.5 to
2.3 have been used in practice . Applica-
tion of the smallest design factor to
the volume dredged in Cleveland Harbor
y ields a pre~ icted con ta inmen t ar ea volume
of 371 ,455 m - Similarly, a maximum
design factor of 2.3 yields a VCA of
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1, 708 , 695 m3. The best estimate predic-
tion was obtained with the arithmetic
average bu lk ing  factor.

b . The op inions from dredging specialists
in the USA and Japan (see Table 1) lead
to an average si z ing fac tor for clayey
material after sedimentation and self—
weight consolidation of 1.16 , wi th a
possible range from 0.60 to 1.80. Use
of these fac tors predicts a minimum
volume of 371 , 455 m3, a maximum of
1 , 337 , 24 0 m 3 and a best es t imate  of
861 ,775 m 3 (us ing  the average s i z i n g
f a c t o r )  -

c. The 1975 marsh crea tion s i z ing  method 3’6
predicted the following ranges of volumes:

minimum VCA 
= 334 , 310 m 3 (F

e
F
p
Fc 

= 0 . 4 5 ;

e = eo ave

maximum V = 882 , 205 (F F F = 0.95;CA e p c

uncertainties on
e0 and e ye as in
1976 prediction)

best estimate
VCA = 614 ,910 (F

e
F
p
F
c 0.85;

e 2.05;
0

eave = 2 . 3 0 )

d. Application of the 1976 MIT sizing method
leads to a smaller variation in minimum
and maximum containment  volume (see Table
1 5 ) .  As shown in Fitjurs 52 , the author s
est imate  t h a t  the pr .diction method wil l
yield results within a + 15 percent range .
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PART VII . CONCLUSIONS AND RECOMMENDATIONS

141. The report presented a rational method to size con-

tainment areas f i l led wi th  dredged mater ia l . The technique

aims at improving the bulking factor sizing method presently

in use and takes into account (1) the properties of the chan-

nel sediment , (2) the behavior of the dredged material in

the disposal site , and (3) the components of the dredging

operation that affect volume of sediment dredged. For these

purposes , the investigators surveyed current practice , re-

viewed pertinent variables of the dredging operation , investi-

gated the behavior of several types of dredged material and

applied the prediction methodology to four  f i e l d  cases .

142. The sediments and dredged mater ia l  investigated

(both freshwater and saltwater) came from disposal sites

throughout the USA and had plasticity indices between 14 and

60. The research concentrated its effort on fine-grained

materials since sands present few disposal problems. A sur-

vey of 13 dredging agencies or specialists provided more in-

tuitive than factual estimates of the behavior of dredged

material. These opinions indicate that after swelling of

the material (due to the dredging process) and self-weight

consolidat ion in the disposal area , sands occupy approximately

82 percent of the i r  or ig inal  sediment volume , s i l ts  87 per-

cent , and clays as much as 116 percent of their  or iginal

volume. However , large variations in these factors exist.
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143. Other than index characteristics , the material

properties investigated in the report include :

a. Rate of se t t l ing  of dred ged s lur ry .

b. Spatial distribution of solids in
containment  area.

c. Excess pore pressures in dredged
material.

c. Void ratio distribution of dredged
material.

Void ratios of both channel sediment and dredged material were

the ma jo r  unknowns in the s iz ing  technique. Other factors

such as par t ic le  segregation from in f low pipe to weir or even

dredging operation parameters had much less influence and in-

volved less uncertainty when applying the sizing procedure.

144. The authors proposed a technique to predict the void

ratio of dredged naterial from laboratory column sedimentation—

consolidation tests on channel sediment. Measured versus pre-

dicted void ratios in several disposal sites agreed very well.

The void ratio of the channel sediment , the rate of settling ,

total unit weight , and void ratio of dredged material can be re-

lated to (1) the ambient water environment , (2) the plasticity,

and (3) the grain size of the material. Means for obtaining the

void ratios and unit weight include undisturbed and disturbed

sampling of sediment , laboratory sedimentation-consolidation tests

and relationships void ratios versus index properties proposed in

this report. In summary , the data presented indicate the following :

a. For slightly plastic to non—plastic fine—grained
freshwater material (I .~~ 20 ), the volume increase • - -

a f t e r  dredg ing and dis~ osa1 remains less than 10 • -

percent.
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b. For highly plastic saltwater material (I -‘ 50
the volume increase after dredging and d?sposal
can reach 30 percent.

Limited data underlie these relationships. Additional field

measurements would greatly help refine selection of void

ratios of sediment and dredged material.

145. The report provided the user with best estimates

of the dredging operation parameters required by the method-

ology and the probable deviations from these best estimates.

The choice of a reliable value for the overdredging factor , F0,

is the most significant, since the loss of solids during the

operation was observed as very low.

146. Application of the sizing method to several actual

cases proved satisfactory . In two instances , the volume

was overpredicted by less than 10 percent and in a third dispo—

sal site , the prediction was unsafe by 5 percent . The con-

tainment volume required by two future dredging jobs was

also computed and will hopefully be checked against actual

performance upon completion of the work . In order to improve

the reliabil ity of the prediction method , one needs to:

a. Refine sampling procedures to obtain
more reliable measurements of sediment
void ratio.

b. Document further comparisons of predicted
versus field void ratios of both channel
sediment and dredged material.

C. Investigate possible means of limiting
uncertainty on the overdredging factor .

147. When selecting the parameters necessary to solve

the sizing equation , the authors recommend the following

investigations: 152 
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a. Sampling of the sediment along length
of channel.

b. Estimate of approximate consistency of
sediment (penetration tests , for example).

c. Measurement of grain size and plasticity
of sediment.

During the dredging operation, it is recommended to:

a. Observe dredging operation and any ex-
cessive losses.

b. After each dredging season(in a multi—
year usage disposal area), verify the
effective volume of dredged material
and required containment volume .

148. In containment areas designed for multi—year usage ,

it is recommended to apply the sizing methodology at the end

of each dredging year. This procedure will establish a bank

of values for each methodology parameter and help reduce

their uncertainty and will enable one to reexamine volume

predictions and , if necessary , modif y either containment volume

or volume to be dredged .

149. Continued research on the containment area sizing

problem should address itself to:

a. Further investigation of actual contain-
ment areas , with careful monitoring of
volumes , sediment properties , dredging
operation,and dredged material behavior.

b. Application of prediction methodology to
more field cases in order to (1) ascer-
tain its reliability and (2) substantiate
further the relationships between void
ratio and index properties developed in
this report.

c. Investigation of the fundamental sedimen-
tation-consolidation behavior of dredged

153
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material in the laboratory , with measure-
ment of pore pressures and solids con—
centration . Limited data exist but gene-
ralization of observed trends to all
dredged materials needs additional re—
search .
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APPENDIX A:  FIELD SITES

In troduction

1. The Waterway s Experiment Station and the Cor ps of

Fr ~~~ n e er s  District off ices provided immense assistance to

MIT wi th the seven f i e l d  si tes under study. This appendix

describes the fo l lowing  con ta in ment areas in use by the Corps :

Branford Harbor upland disposal site , Anacor tes and Ca psante ,

J~imes River-Windmill Point , Browns Lake , Uppe r Polecat Bay , and

Clev e land Harbor . Fi gure Al presents a map of the USA that

1oc~~tes a l l  these si tes along wi th the Delaware  disposal

sit es studied in Part III of the report.

Bran f o rd Harbor

2. In B r a n f o r d , Connecticut , located on the nor thern

shore~ :ni of Long Island Sound approximately 10 mi les  ea st of

New Haven (see Figure A2) , channel-bottom silting creates

entrance problems f~ r boats and necessitates dredging about

every 10 years. M~~ .~ria1 from previous channel dredqing pro-

jec ts h as been deposi ted on up land disposal si tes adj acent

to the harbor area . One such site is the proposed disposal

area for the lred dng scheduled for September 1974 (shown

in Fi ir~ A 2 )  . Ful l  s i te  descriptions are presented in

References 3 and 6.*

3. The recentl y deposited channel sediments consist

*Referenc~~ c it e d  in the appendices are given in the List
of References following the main text.
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of plastic organic clay . A 60- to 120—cm depth typically

accumulates between maintenance dredging operations , a l though

some wide local va r i a t i ons  e x i s t .  F igure  A2 shows the loca-

tion of the borings used to determine the foundation profile

in Figure 43.

4. In September 1972 under the supervision of the U. S.

Army Corps of Engineers , approximately 72 ,500 m 3 of sediment

will be dredged from the bottom of Branford River and deposited

in the upland disposal site. This area was last used 10

years ago to contain material dredged from Branford Harbor .

The old dikes surrounding the disposal area are still

apparent  and are covered with dense vegetation (p h r a g m i t e s) .

Withi n the enclosed area , the previously dredged m a t e r i a l

can wi thstand human weight but with observable de formations .

Vege tation in this material is confined to a few small

mounds , ind ications of possible irregularities in the sub-

surface . Dredged material presently in the disposal area

will be added to the existing dike by bulldozer in order

to raise the containment structure to an elevation suffi—

c ie nt  to retain the 72 ,500 m
3 to be dredged in 1976.

5. Field investigations in the Branford Harbor upland

disposal site took place in March 1975, November 1975 , and

March 1976. Figure 42 showed the sampling and observations

done. The investigations included :

a. Void ratio versus depth (in test pits).

b. Spatial distribution of solids (horizon-
ta l l y and ver tically).
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c. Measurement  of f i e l d  un i t  weight .

d .  Measurement of excess pore pressures  in
dredged ma te r i a l  and founda t ion .

e . Visual observa tions of dike , tidal
fluctuations , topography, and general
layout.

f. Sampling of dredged material and foun-
dation material.

g . Sampling of channel sediment in harbor .

6. In order to estimate the profile of the foundation

immediately beneath the disposal area , three tes t pits were

dug in the deposited dredged material. Samples were taken

at various depths. These samples were then tested for in-

dex properties and compared with the material to be dredged .

Table Al lists the respective Atterberg limits: the two

materials had very similar properties , with a liquid limi t

of 95 and a plastic limit of 54. All tests by MiT were

Q ine according to Lambe .25 In the B r a n f o r d  Harbor  D i sposa l

3j 1 e , because no borings were available below the dredged

m a t e r i a l  and peat , the p r o f i l e  was assumed indentical to

the  f o u n d a t i o n  u n d e r l y i n g  the h a r b o r .

Anacortes

7. The Anacortes disposal site , 130 km nor th of Seat tle ,

Washington , and three km south of the Ca psante disposal

sit - (see location map ,  F igure  A 3 )  con ta ins  m a t e r i a l  dredged

in 1975 f rom the nearby Anacor tes  n a v i g a t i o n  and ber th ing

c h a n n e l s , in Fidalgo Bay.
A5
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8. Figure A4 shows the Anacortes waterway to be dredged

and the Anacortes disposal site . Field investigations

done by the Seattle District include several boreholes , as

shown , but very few determina tions of index properties .

The Fidalgo Bay sediment in the predredging navigation chan-

nel lies approximately 2.4 in below mean lower low water (MLLW)

level. Dredging was aimed at:

a. Deepening the navigation channel at
5.5 m MLLW .

b .  Deepening the berthing channel (see
Figure  A4) at ~~~~~~~ in below MLLW .

9. The disposal site is composed of two settling ponds

separated by a dike ; total area approximates 1,000 ,000 in 2 .

The ground surface of the site varied unevenly between ele-

vations -1.2 and 3.1 m. Figure A5 plots the containment

volume as a function of elevation of horizontal surface for

both the southern and northern ponds.

10. Dredging was done by cutterhead action and slurry

was transported by short pipelines. The pump ing ra te was

460 cm/sec in a 45—cm diameter pipe. The U. S. Corps of Engi-

neers limited the allowable overdepth dredged to 30 cm. At

the end of the operation, considerable solids were lost

by dike overtopping . The neighbouring berthing channel

was par tly filled again , as shown by the crosshatched

zone in Figure A4. However , surveys enabled estimation of

the volume of material lost. The total volume of sediment

removed (as paid to the contractor ) was 404,230 in 3 , and
A8 
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20,475 m3 were lost in the berthing . (Effectively a volume

of 27 ,300 in 3 was computed from the surveys available , but

allowances were made for a possible 25 percent swell from

sediment conditions).

11. Figures A6 and A7 plot the profiles along three

cross sections of the channel dredged . Between Stations

0 + 00 and 6 + 00* , a s t i f f  p las t ic  clay sediment (Cl-I ) was

predominan t ;  whereas , between Stations 6 + 00 and 17 + 00 ,

a sof ter  si l t  (ML ) was encountered . Based on the soil pro-

f i l e s  from the 23 boreholes ava i l ab le  in the channels , the

relative proportions of each material was computed .

12. Figure A5 plots the volume of dredged material in

the area versus the elevat ion of the area . Between August

21 and September 7, 1975 , the northern part of the channel

was dred ged and the dredged material showed limited swell.**

However , f rom Sep tember 7 , 1975 , un ti l December , 1975 , the

mater ial between Stations 0 + 00 and 6 ÷ 00 was dredged and

deposited in the site , and the dredged material curve di-

verged rapidly from the disposal area volume curve . This

was due to the different sediment materials encountered in

the two sections of the channel. Until September 7, mostly

silts were dredged; whereas afterwards , clays were predomi-

nant. However , by October 15, overtopping occurred and the

*in meters.

**
If the dredged material curve follows exactly the contain-

men t volume curve , no swell occurs (i.e., 1 + eave = 1 + e0).

A l l
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volume of dredged material entering the area (and also exit-

ing the area) increased ~-.‘ithout further elevation increase.

ç~p sante

13. Figure A3 depicted Capsante and its dredged water-

way. In January, MIT conducted a small scale field investi-

ga tion at this site. Figure A9 summarizes the sampling done .

A ll specimens were recovered 15 cm below the ground sur face .

The area consisted of two sett l ing ponds (as fo r Anacor tes).

The dredged rm~~~- rial was highly plastic organic clay, wi th

traces of sand. At the time of the V i s i t , wate r  par tly

covered the fissured surface of thc- primary pond , but the

material could support human weight near ly everywhere . The

secondary pond had somewhat softer material.

Cleveland Harbor

14. Figure A9 shows the location of the three disposal

areas in Cleveland Harbor. Filling was done under water.

Figures Ala arid All summarize the field investigations at

all sites and Fiqiires Al2 and Al3 , the results of the bor-

ing s in ar’-a nos. I and 2 .

15. In 1972 , t he Buffalo District investigated

-irea flog . 1 and 2. MiT invest igated area no. 12 in Decem-

ber 1975 and March 1976. The study at area no. 12 included

t h . -  following measuru~n -nts and observations:

A 14
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a. Water conductivity and pH of field water.

b. Spat ia l  dis tr ibu t ion of solid s.

c. Grain—size distribution versus depth .

d. Excess pore pressure~ in the newly
dredged material.

e. Samp l ing of hopper ma terial  and dredged
material inflowing in area.

f .  Solids concentration at various loca-
tions .

~~
. Inspection of dredging operation .

h . Observation of containment structure.

16. Figures Al4 and Al5 plot the profile of the dredged

material deposited in area no. 12 between April and December

1975. Measurements of the lake bottom date from April 1974;

measurements of the dredged ma terial in ter face  was done in

ear ly  19 76. Cross section i den t i f i ca t ions  ref er to those

shown in Figure All.

James River-Windmill Point

17. The Windmill Point disposal area , on the James

R i ver in V i r g i n i a , is located about two-thirds of the way

from Norfolk to Richmond (see Figure Al6). Open—water

dump ing of dredged material from biannual maintenance of

the nav iga tion channe l  in James River created a small is-

land in the middle of d wi de shoal ,3’11 where dredged mate-

rial was d - i ~~c-; i ted in 1974.

18. Field iv~ c ; t i ~~~ i t  ions done by MIT determined index
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properties of the dred ged material and the spatial distribu-

tion of solids. Sedimentation and consolidation character-

istics were studied in the laboratory . Water contents of

both sediment and dred ged ma ter ia l  and f ield vane undra ined

strengths of the dredged ma teri al were measured in 10 holes

by Old Dominion University . Water contents in sandy sedi-

ment averaged 1.40. On the other hand , water  content in

more plastic sediment , measured by Soil and Ma ter ials Eng i-

neers , Inc., averaged 2.12.

Browns Lake

19. Browns Lake, also called WES Lake , is loca ted on

the government reservation of the Waterways Experiment Sta-

t ion (WES ) in V icksburg , Miss is5ippi. Dredging took place

between March 23 arid April 16, 1976. During and after the

operat ion , WES conducted a special f i e l d  i nves t iga t ion  wi th

measurements of:

a. Water contents with depth .

b. Grain sizes with depth .

r Spatial distribution of solids.

d. Index properties of dredged material.

No information on the channel sediment was available. Figure

Al7  iden ti f i e s  the samp ling holes in the area and Figures

A18 and A22  pl ot void ratio versus depth versus time mea-

suremen ts in the 5 zones predef ined in Part  III .
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Upper Polecat B~y

20. The Upper Polecat Bay Field Study was conducted

by WES in cooperation with the Mobile District. Dredging

was completed in January 1973 and the field investigation

started in July 1975. The plan of the area, with location

of borings and identification of the ones used by MIT to

determine an average void ratio versus depth profile , appears

in Figure A23 .*

•Further details on this site and the densification study ~~.- ~~carried out at the Upper Polecat Bay disposal site since
July 1975 should be available in the report of this particu-
lar DMRP research project.
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APPENDIX B: NOTATION

Cc 
- compression index

CR - compression ratio

Cr 
- recompression index

CRSC — constant rate of strain consolidation test

c,~, - coeff icient of consolidation

din - dredged material

e — void ratio

eave - average void ratio of dredged material

e0 - in situ void ratio of channel sediment

Ft 
- ef f iciency of containment system

Fe 
— eff iciency of removal action

F0 
- overdredging factor

- efficiency of transport system

- specific gravity of solids

H - height

- thickness of layer i

1120 - water

- plasticity index

- liquidity index

n - number of layers

N.C. - normal y consolidated

RR — recompression ratio

S - degree of saturation

SGN - size and gradation number

t — time 81
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— time for 50% consolidation

t90 
— time for 90% consol idation

u - pore pressure

- pore pressure dissipation

V~, — volume of solids retained in containment area

— required containment volume

V~~~ - measured containment volume

V
P 

- design volume of solids to be dredged

V~ 
— design volume of bottom sediment to be dredged

w - natural water content

— liquid limit

— plastic limit

- solids concentration (% by weight)

Z — constant

— — indicates an average value (ex.

A - indicates a change

Au — excess pore pressure

p - settlement

Pf 
— final sett]ement (100% consolidation)

~fdt 
- settlement of foundation

— total unit weight

— vertical effective stress

— total vertical stress

avf - final vertical effective stress

- max imum past pressure

~vo — initial vertical effective stress
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22 July 1977, Subject : Facsimile Catalog Cards for
Laboratory Technical Publication s, a facsimile catalog
card in Library of Congress MARC format is reproduced
below .

Lacasse, Suzanne 14
Sizing of containment areas for dredged material / by

Suzanne M. Lacasse, T. William La.be, W. Allen Marr, Con-
structed Facilities Division, Department of Civil Engineer-
ing, Massachusetts institute of Technology, Cambridge, Mass.
Vicksburg. Miss. : U. S. Waterways Experiment Station
Springfield. Va. : available from National technical Informa-
tion Service, 1977.

157, 33. 2 p. : ill. ; 27 cm. (Technical report - I). S.
Army Engineer Waterways Experiment Station ; D-77-21)
Prepared for Office, Chief of Engineers, U. S. Army, Wash-

ington. D. C., under Contract No. DACW39-75-C-0074 (DMRP
Work Unit No. 4A16A)
References: p. 155-157.

I. Containment areas. 2. Disposal areas. 3. Dredged
material. 4. Dredged material disposal. 5. Field investi-
gations. 6. Sediment. 7. Size determination.
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Sizing of containment areas for dredged material
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Allen , joint author. Ill. Massachusetts Institute of Tech-
nology. Dept . of Civil Engineering. IV . United States.
Army. Corps of Engineers. V. Series: United States. Water-
ways Experiment Station, Vicksburg, Miss. Technical report
D-77-21 -
TA7.W34 no.0-77-21
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