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FORE WARD

[ii A pril  1972 , t h e San Francisco District of the Uni ted States Army Corps
of Eng ineers initiated a three and one-half year $3 million study to quantify
the impact of dredging and dredged material disposal operations on the San
Francisco Bay and Es-tuarine environment. The study is generating factual
data , based on field and laboratory studies needed for the Federal , State
and local regulatory agencies to evaluate present dredging policies and
alternative disposal methods .

The study is set up to isolate the questions regarding the environmental
impact of dredging operations and to provide answers at the earliest date.
The study is organized to investigate (a) the factors associated with dredging
and the present system of aquatic disposal in the Bay, ( b )  the condition of
the pollutants (biogeochemical), (c) alternative disposal methods , and ( d )
dredging technology. The study elements are intended first , to identif y
the problems associated with dredging and disposal opera tions and , second ,
to address the ident ified problems in terms of mitigation and/or enhance-
ment. The division into separate but intei —related study elements provides
a greater degree of exper tise and flexibility in the Study.

This report presents the findings of Appendix M , Dredg ing Technology . The
overall study will be the basis for preparat ion of a composite Environmental
Impact Statement for Dredging Activities in San Francisco Bay System. A
draf t final repor t on the entire study is scheduled for completion in
December 1075.
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The following is an index of appendices to be published in the Dredge Disposal
Study :

APPEND IX REPORT DATE PUBLISHED

FINAL REPORT

A Main Ship Channel June 1974
(San Francisco Bar)

B Pollutant Distribution

C Water Column
(Water Column-
Oxygen Sag)

D Biological Community August 1975

E Material Release

F Crystalline Matrix July 1975

G Physical Impact July 1975

H Pollutant Uptake September 1975

I Pollutant Availability

J Land Disposal October 1974

K Marsh Development

L Ocean Disposal

M Dredging Technology September 1975
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CONVERSION FACTORS

If conversion from the Me tr ic to the Bri t ish sys tem is necessary , the
fol lowing factors apply:

LENGTH -

1 kilome ter (k~ ) = lO 3 meters O .621 statute miles=O. 540 nautical miles
1 meter (m)=lO centimeters 39.4 inches=3.28 feet=l .O9 yards=O.547 fathoms
1 centimeter (cm)=lO millimeters (mm)=O.394 inches= 104 mic rons (p.)
1 micron (~..~)= lO 3 mil lime ters=O .000394 inches

AREA

• 2
1 square cen timeter (cm )=O .155 square inches
1 square me ter (m2)=10

2
7 square fee t

1 square kilometer (km ) 0.386 square statute miles=O .292 square nautical miles

VOLUME

1 cubic kilome ter (km3)=109 cubic meters=1015 cubic centimeters=O .24 ’ cubic
statute miles

1 cubic me ter (m3) =io 6 cubic cen timeters=103 li ters=35.3 cubic feet=264
U.S. gallons =l . 308 cubic yards

1 li ter= lO 3 cubic centimeter s=l.0 6 quarts=O .264 U .S. gallons
1 cubic cent imeter (cm 3)= O .061 cubic inches

MASS

1 metric ton=106 grams=2 ,205 pounds
1 kilogram (kg)=1 03 grams=2 .205 pounds~
1 gr (g)=O .035 ounce

SPEED

1 knot (nautical mile per hour)=1.15 statute miles per hour=O .51 meter per
second

1 meter per second (m/sec)=2 .24 statute miles per hour=l .94 knots
1 centimeter per second (cm/sec)=l.97 feet per second

TEMPERATURE
°C = °F-32 = 1.8(°C) ‘ 32

Conversion Formulas 1.8

C
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PREFACE

In order to define the type and degree of impact associated with aquatic
sediment disposal , knowledge of the sediment release pattern generated by the
dredging operation is necessary. Field work associated with other study elements
gives an insight into the various types of release patterns . During studies on
the San Francisco Bar (Main Shi p Channel , Appendix A), the sandy sediments were
found to react as discrete particles during disposal. depositing in a predictable
pattern. The study showed a normally distributed deposition pattern with a
maximum deposition of two inches directly beneath the hopper dredge. During
the monitoring of oxygen depression associated with the disposal of Bay mud
dt Carquinez Strait (Water Column , Appendix C) , an induced current of one knot
perpendicular to the tidal current was observed at the bottom of the water
column . Other monitoring at the Carquinez Strait site could account for
complete transport of sediments from the site during a hopper release in fifteen
minutes in the bottom three feet of the water column . During the monitoring of
ocean disposal at a 100-fathom site (Ocean Disposal, Appendix L), a Bay mud
with new construction clamshell dredg ing and barge transport, was observed to
mound on the bottom in clumps. These and other studies led to a set of
probable parameters which control the release pattern in the water column ,
the impact on the bottom and the degree of transport from the site. The primary
objective of this study element was to evaluate these parameters in terms
of the degree of influence on the pattern and to develop qualitative predictive
relationships for water-sediment interaction in San Francisco Bay.

The changes in phy~ ic~al state of Bay sediments were investigated in the field
during the dredging and transport phase. Two types of sediments were then taken
to the laboratory for transport simulation and sediment release simulation .
Although both sediments were classified as clays, there was a major difference
in the properties of the sediment (difference in ratio of silt and clay).
Wi th cohesive sedimen ts, the release pattern (deg~’ee of dispersion or mounding)
can be correlated with the liquid limit and the moisture content of the sediment.
The degree of dispersion or mounding depends on whether the sediment acts
as a solid , a liquid or a transitional slurry. Cohesive sediments require a
disturbance in terms of water added; whereas, sands , regardless of water content,
act as a solid phase. This theorization is depicted below.

High water
content

In situ
water co ntent

ioo•i. 20 1.
Liquid Limit

CLAY SILT SAND

d

~~~~~~~ ~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~ -_--- - .~~~ ,~~~ ~~~~~~~~~ 

- .~- —.--~~~ - ~~~~~~ -- - . —~~.~~~-—----,.. -- - — .~~- - — —



For qualitatively predicting the immediate release pattern in San Francisco
Bay , a simple model using a small scale laboratory test on cloud growth combined
with the expected moisture content due to the dredging method and operation ,
the depth of the disposal site and currents at the disposal site , should
provide , within the variability of the proto~y-pe system , an evaluation of the
loading of the water column , the degree of bottom impact and the rate of
transport from the site. Care must be taken in scaling up the sediment volume.
The volume must be evaluated in terms of the configuration and layout of
hoppers or pockets of the barge. Additional objectives deal with questions on

- land disposal and marsh development , both of which were covered primarily through
a literature review . This information will be applied to the results of other
study elements to define the extent of environmental impact.
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ABSTRACT

A stud y was conducted to investigate dred ging technology and to
advance the state of knowled ge regarding the short-term fate of

dred ged materials dumpe d from barges or hoppe r dred ges. Parti-
cular attention was given to app lication of the stud y findings to
protection of the aquatic environment in the San Francisco Bay Area.

Field tests evaluated physical and chemical prope rties of dred ged
mate rials in many conditions , such as in situ , and in the pockets of
a hopper dred ge and a barge. Physical properties includin g mois-
ture content and strength parameters were found to be quite variable
within the pockets. Vibrations while vessels are underway had no
significant effect on material properties , but heeling and swaying of
the vessel  appeared to have some slight influence in decreasing the
moisture content in the lower portions of mate rial in a hoppe r

dred ge.

Laboratory simulation s of bottom dump ing barges and hopper
dred ges we re conducted with silt and clay sediments from
San Francisco Bay navigation channels. These tests were performed

in glass walled tanks and evaluated by means of motion pictures and
still photog rap hy of the simulated dumping operations. Behavior of
the dumped material as a function of sediment type (silt or clay),
wate r type (fresh or salt), vessel configuration (hopper dred ge or
ba rge), water dep th , sediment percent moisture , and du riped
volume was studied. Parameters observed in characte rizing the
data included descent velocity, cloud size , impact velo city, hori-
zontal velocity following impact , and settling patterns. Moisture

content appeared to be the primary variable dete rminin g behavior
.3 of dumped materials.

Eng ineering aspects of intertidal disposal for the purpose of marsh

creation were evaluated. Control of fill elevation s was found to be
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enhanced by various mean s of predicting settlement and mechanical
conditioning of deposited materials. Other considerations in marsh
building were discussed , including tidai. uilet design , means of
excavating in marsh areas , and movement of salt th rough dred ged
material. This last subject , prompted by the desire to build
marshes on abandoned salt evaporation ponds , was approached with
a laboratory experiment. A lysimeter test was conducted to deter-
mine upward mig ration of sea salt through wet dred ged mate rial.

Certa in aspects of land disposal were  investigated with reference to
conditions in the San Francisco Bay Area. Treatment processes
for removing contaminants and for hastening drying were discussed
and evaluated. Productive uses of dred ged mate r ial were also
cons ide red.
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L INTRODUCTION

This report documents the study results obtained on Contract DACWO7-

75-C-0045, conducted for the San Francisco District of the U.S. Army

Corps of Engineers , as part of their three year program to investi gate the

environmental impact of dred ging operations on San Francisco Bay.

The primary objective of the stud y was to evaluate types of dredges ,
methods o operation, and disposal in terms of modifying the physical

rea ction of San Francisco Bay sediments in the wate r colum n.

Othe r objectives were to determine acceptable techniques for esta b-

lishing a sediment base for marsh development in diked areas , and

a review of the land disposal of polluted dred ged material. Three

work items were identified:

a. Evaluation of the dred ging,transport, and aquatic disposal

phases

b. Evaluation of intertidal disposal
• c. E valuation of land disposal

Each of these work items was  accomplished as individual studies.

The results are presented separately in the following chapters of this
repo rt.

The evaluation of the dred g ing , t ra nsport , and aquatic disposal phases

was accomplished throug h a combination of l i terature review , ana lytical
studies , field measurements and laboratory simulations. Field tests
were conducted to obtain values of parameters of interest so that

definitive laboratory simulations could be conducted. The investigation

concentrated on examining the physical character is t ics  and oxygen
demand of in situ and dred ged material. The intent was to examine
changes in the characterist ics of the material f rom in situ , th roug h
th e dred ge , and during the t ranspor t  phase. The changes were  then
related to the dispersion that occurs when the matei ial  is bottom
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dumped.  N u m e r o u s  mot ion p i c t u r e s  and photog rap hs  e re  t aken  to be

~sed f o r  ( } t u tn t i t a t iv e  ana l y s i s  of the ph t~ fl()~~U e f l t  a R d  t o  (IRe ~u n e n t  the

vii r i ous  pa rt s  of the  p rog ram.

The evaluation of intertidal disposal was conducted through visits to

potential marsh  a reas  in the Bay a rea  and a comprehensive l i t e ra tu re

review. A laboratory  experiment was also conducted to stud y the

movement of salt throu gh U ay dred ged material.

The evaluation of land disposal was conducted throug h a l i terature

review supplemented w ith measu remen t s  taken inside and outside

of a land disposal area on Mare Island.

In the following sections each chapte r a ddresses  a separa te  task.

The appendices contain supp lementary data for Chapter 111.

1-2

¼

_
~:±•~~•~ii: ~~~~~



- 
- • - •

~~~~~~~
•
~

•— 
•- —•—~~ - _ •  —~~~~ —•.——— — - -  --•-~~~~~~~~~~~ ——•~~~~ _ • • • —~~~~•— _•—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~

H. DREDGING EQUIPMENT USED IN THE BAY A R E A

Most of the d r ed g ing in the m a j o r  navigat ion channels  of San

Franc i sco  Bay is p e r f o r me d  b y hoppe r d r e d ges or c lamshel l  d red ges .

Op era t ions  w i t h  e~t , Ii of the Sc t y p e s  of equi pment  w e r e  moni to red  in -:

the field du ring this  stud y.

A. Hoppe r Dred ges

San F ranc i sco  Bay is s e r v i c e d  by the BIDDLE and the

HARDING hoppe r dredges .

The BIDDLE , a s i d e - d r a g  hoppe r dred ge built in 1947 , is the

la rges t  of the hoppe r d r ed ges a s s igned to the Port land Dis t r i c t,

Corps of Eng inee r s . The ove ra l l  length is 352 feet 8 - 3/4  ç
inches with a beam of 60 fee t0  Maximum and minimum

dred ging dep ths a re  70 and 22 feet , respect ive ly. Top speed

is 14. 8 statute mile s per  hour  and personnel  comp lement is

15 off i ce rs and 77 men. Dred ging is accomplished with two

1, 150 h o r s ep ow e r  pumps . The suction line is 30 inches in dia-

mete r and the d i scha rge  lin e is 28 inches. Normal  hoppe r

capaci ty  is 3, 060 cubic ya rds , but added equipment has

reduced the actual  operation capacity to about 2 , 900 cubic

ya rds .

Field testing in this stud y was conducted on the hopper d r e d ge

HARDING ( F i g u r e  2 -1 ) .  The HARDING , built in 1939, has an

ove rail length of 308 feet 2 inche s with an overall  beam of

73 feet. It has an ass igned crew of 12 officers and 53 men.

D red ging is accomp lished with two 1000 ho r sepower  pumps.

Each pump has a 22 inch suction line and a 20 inch discharge .
• The maximum drag depth is 62 feet. The two pumps delive r an

a ver a g e  of 208 cubic  yar d s  of material and wate r slurry per

minute  to the h op p e r s .  The hopp e r s  will hold 2682 cubic

ya rds  w ithout s ideboards  and 2768 with s i deboa rds .  T yp ical

2 - 1
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dred ging s peed is 1. 8 knots  and t r a n s i t i n g  Speed  is 8-10 knots .

• B. Clamshell  Dred ges

Mechanica l  d red g ing with clamshell  d r e d ges is p e r f o r m e d  by
c o n t r a c t o r s  in the Bay A r e a . The BOSTON , (Fi g u re  2 - 2 ) ,
o per a t e d  b y Grea t  Lakes Dred ge and Dock Co .,  was work ing
in the Alamed a area  du r i n g  the tim e of this stud y, and that
op er a t ion  w a s  the su b j e c t  of a portion of the s tud y ’s field w o r k .

1)urmg the  d r e d g ing opera t ion , a bottom dump ing b a rg e  was

t ied alun .~~ ide the BOSTON and filled with the clamshell .  An
I ~ u . y d. u i  J: ~ -t  was  used and a fill and dump cycle took

I m m .  The bucket  opened to a dimension of 20 fee t  and

\d as 7 t e et  w i de . Thc bucke t  was seve ra l  feet  deep and there
dire .. t ac . . s s  t~, the d r e d ged sediment f ro m  the top of the

bucket .

In p r a c t i . .  e . t i : ’  bu .. ke t  is dropped and sinks into the sediment.
The d rc d ~~e t r r L t L e  is then slewed causing the bucket to di g
into the  ~ t - d in i e n t .  A s  it is ra i sed , v e r y  little mate rial
e s c ap e s  f r o m  the  n t t , ,m  but wate r pours f r o m  the top s u r f a c e .
The ma ter i a l  in th e  biic i -v t  (lur ing the Alameda operation had
the c o n s i s ten c y  ol tooth pa s te . While the mater ia l  may be
d i s tu rbed , the wate r most  probably onl y s c o u r s  the top sur-
f a c e  of the mater ia l  in the bucket.

These d red ges , the HARDING and the BOSTON , typif y the equi pment
used fo r  much of the d r ed ging act ivi ty in the Bay A r e a .  The field
o b s e r v a t i o n s  made on these  vessels  a r e  desc r ibed  in Chapte r Ill.

2 -2
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Figure  2- 1. The hopper d red ge HA RDING .
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Figure 2-2. The vessels used in the clamshell operation in
• this study. Left to right: tow boat, barge , the

- • clamshell d red ge BOSTON , and anothe r ba rge .
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III. E V A L U A T I O N  OF DREDGING,  T R A N S P O R T,  AND A Q U A T I C

DISPOSAL P’JASES

The approach that was adopted to achieve the goals of the d red ging,

t r anspor t , and disposal phase consisted of a field measurement pro-

gram and a labora tory  simulation p rog ram in support of analytical
studies. The results of the field and labora tory  p r o g r a m s  will be

presented in the following sections under  Dred g ing Phase , T r a n s p o r t

Phase , and Disposal Phase. Represen ta t ive  data is tabulated in

Appendix A.

A. Field Measurements Program

I. Gene ral Descr iption

Du r ing the period of March  11th through March 20 , 197 5,

field tests w e r e  conducted to:

obtain data on the change in in situ physical  charac te r-

istics of sediments caus ed by dred ging with a hopper
d r e d ge and a clamshell dred ge

• obtain data on the sediment oxygen demand (IOD and

COD ) of in situ sediments  and dredged mater ia l

- charac te r ize  the change in d redged  material  caused by the

transportat ion process  in a hoppe r dred ge

• The measurements  were  made in conjunction with the Clamshell

Dred ge BOSTON at the Alameda Naval  Air  Station and the Hoppe r

Dred ge HARDING in Mare  Island Strai ts . Sampling and measure-

ments of IOD and penetration (2 inch lead sinking sph e r e )  were

made by JBF Scientific Corporat ion ( JBF) .  Woodward Clyde

Consultants ( W C C ) ,  under  contract  to JBF , made measurements
• of in situ shea r  s t r eng th  and penetrat ion res is tance.  COD

measurcmen t s  w e r e  made , for  JBF , on samples of in situ and

dred ged mater ia l  by Pacif ic  Env i ronmenta l  Laborator ies  (PEL).

¶
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Th e BOSTON was  work in g the Alameda Naval Air Station entrance and
• p i e r  a r ed , in the fo l lowing  lo~ at i ons :

Locat ion  I :  150 l ee t ~~~ of Buoy 5

Locat ion 2 : ~O() I t - vt  SE of Pie r 3

Locat ion  3: 100 l i - vt  inside channel , half way  between Buoys

3 and 5.

T he H A R D I N G  w a s  d r edging in Mare Island Straits and dumping in
C a r q u i n ez  S t ra i t s .  T1ie cycle was short, allowing about 15 minutes

f r o m  time dr e d i-ing  ce a se s  until dumpin g took place.

Table 3- 1 shows  t h e  t ype of m e a s u r e m e n t s  made on the BOSTON clam-

shell  d red ge and its b a r g e s , and Table 3-2 shows the measu remen t s

m ade on the HARDING hopper  d r e d ge.

Table 3- 1 BOSTON M e a s u rem e n t s

P a r a m e ter  Methodology

Shear  S t r e n g t h  In clamshell  bucke t , sampler , and
ba rge  pockets , using field to rque  vane

Pene t ra t ion  In b a r g e , usin g flat p lates and 2 inch
lead shpere

Dissolved Oxygen In barge  wate r , t u rb id i ty  plume , and
back ground using DO mete r

Oxygen Demand From samp les taken in ba rge  and in
bucket (clamshell).  IOD m e a s u r e d
immediately and COD on iced sample s.

Dens i ty , P e r c e n t  M e a s u r e d  in l abo rato ry  f r o m  samples
moisture , and Grain Size taken on barge and in bucket.

3 - 2
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Table 3-2

HARDIN G Measurements

Parameter Methodology

Shear Strength hi samples from the chute and the
hoppe r , and in the hoppe r , using a
fie ld torque va ne

Penetration In the hopper , using flat plate s and
a 2 inch diameter lead sphere

Dissolved Oxygen In the hopper water, using a DO meter

Oxyg en demand From samples taken in the hoppers , and
hoppe r chutes. IOD measured  in-imed-
lately and COD on iced samples

Density Percent Moisture Measured in laboratory from samples
and Grain Size taken in the chutes and hoppers
Ship Vibration s Measured on the walls of the hoppers ,

and directly in the hoppers , using
accelerometers and velocity pickups

Table 3-3 shows the type of measurements made on n situ samples
obtained by divers.

Table 3-3

In Situ Measurements

• Paramete r Methodology

Shear Strength In relatively undisturbed samples
obtained by Scuba Divers

Oxygen Demand IOD measurements (immediately) and
COD measurements (on iced samples)

Density Percent Moisture Measured in laborato ry
• and Grain Size

3-3
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2. Measurements

Shear  S t rength  Measurement s

In s itu shear  s t rength  of d red ged mater ia ls  aboard  the

BOSTON and the HARDING w e r e  d etermined usin g a four-

bladed , rectangula r field vane with 3 inch by 6 inch dimen-

sions. The vane was lowered into the mud , attached to

E - s i z e  drilling rods which w e r e  clamped into a vertical

position through a portable platform attached to shi p t s

rail ings. Torque  was applied at a rate of approximately

15 d e g r e e s  per  minute at the top of the E - r o d s  with a tor-

que wrench  which indicated inch-pounds of torque. The

tes ts  w e re  c a r r i e d  out gene rally in accordance  with ASTM

D - 2 5 7 3 - 72  “Standard Method for  Field Vane Shear Test  on

Cohesive Soil. ‘ Howeve r , due to time limitation aboard

the respect ive  vessels , the torque for  the tests was app lied

at a rate  slightly higher  than the ASTM standard , i. e .,  at

approxim ately 0 . 2 5  deg ree s/ s econd  instead of 0. 1 degrees!

second . Severa l  tests were  run aboard both vessels during

which the to r que needed to turn the E- rods  without the

field vane was r eco rded . The information recorded f rom

those tests  was subsequently used to calculate a shear

s t reng th  correct ion fac tor  to allow for  rod friction.

Figur e 3-1 shows the vane a f t e r  withdrawing it f rom the

barge pocket and Figure 3-2 shows the vane measurements
* bein g made in the hopper of the HAR rING.

Pene t ra t ion  Tes ts

A c i r c u l a r  steel plate of 6 inch diamete r and a square

s tee l  plate of 12 inch sides were  used to measure  pene- 
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tration resistance of the dredged materials in the respective

vessels.  The plates were attached to E-size drilling rod s

and lowered into the hoppers or barge pockets. Settlement,

with respect to time, was recorded for each increment of

weig ht applied , as was the depth of the plate at each incre-

ment. Figures 3-3 and 3-4 show penetration tests being

conducted on a barge.

Sinking Sphere Tests

In order to further delineate penetration resistance and

stratification in the various materials, and to attempt to

calculate the bearing capacity of the materials, a 2 inch

diameter lead sphere was lowered into the hoppers and/or

barge pockets, and its settlement was recorded with respect

to time. The depths of resistance to the sinking of the sphere

were also recorded as were the depths at which the sphere

apparently came to rest.

Oxygen Demand

Measurements of IOD, COD, and dissolved oxygen were

made in a number of ocations using a method modified

from Standard Methods [1] for IOD, and Standard Methods

and the EPA sediment manual [2] for COD. Dissolved

oxygen was measured either in situ or immediately upon

collection using a DO meter.

Physical Characteristics of Dred ged Materials

In order  to determine basic physical characte ristics of

the dred ged materials, numerous samples were obtained

at various location s, depths and times using several methods.

Some •~ ‘mples were  recovered with a 50cc syringe attached

3-6
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to a drill rod and ope rated f rom the ship ’s deck  by pulling

on a string attached to the syr inge  plunger. When the sy r inge

was recovered the sampled materials  w e r e  squcexed throug h

a 1/4-inch opening at the head of the sy r inge  into plastic

containers .  Other samples were  obtained using a co r ing

tool (EU Core Samples) and a g r ab  sampler (grab-samples ).

Again the samples were  t r a n s f e r r e d  f rom the sampling

devices into plastic containers, Figure 3-5  shows the

syringe sampler used.

In order  to obtain in situ samples of the materials on the
bay bottom, scuba divers  recovered samp les by pushing

PVC tubing and/or brass tubes ranging in diameter from

2- 1/ 2  to 6 inches into the bay sediments and capping both
ends of each tube prior to retrieval. Figure 3-6 shows a
typical sampler.

All samples we re carefully sealed in the field in order  to
preserve the natural moisture content of the soils, and

selected samples were  taken to the laboratory for exam-
ination and testing. Tests for moisture content were
carried out in accordance with ASTM D-22l6-71 “Labor-

atory Determination of Moisture Content of Soil. ” Dry
dens ities were calculated based on wet weight , volume and
moisture content of samples,

Grain size determinations consisting of hydromete r tests
were made of selected samples fr i both dred ges in accord-
ance with ASTM D-442-63 (Reapproved 1972). Two h ydro-
mete r tests were run on each sample tested. One was run

exactly following the ASTM procedure , which calls for the

addition of a dispersing agent to the fluid in the sedimentation

cylinder. The purpose of this dispersing agent is to counter-

3-8
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Fi g u r e  3-6 .  In Situ PVC Samp ler
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act the chemical attraction between the clay-size particles

in the sample , causing them to stay in suspension and thu s

allowing an accurate determination of the percentage of

clay sizes in a given sample. The second hyd romete r test

was run following the same ASTM procedures , but without
the addition of a dispersing agent . The purpose of the non-

dispersed tests was to attempt to recreate the field condition

in dred ges where any sedimentation of the materials would

occur without a dispersing agent in the water.

Vibrations

Vibration measurements were made on the HARDING to

obtain data for the design of the laboratory haul simulation.
Harmonic motions were recorded for the forward  section
of the Number 3 hopper using a special ve rtical “mud”

t r ansduce r  designed to be inser ted direct ly into the dred ged

material .  Vibration measurements  were  also made of the

hoppe r s t ruc tu re  adjacent  to the mud probe. Figure 3-7

shows the mud probe being installed in a hopper of the

HARDING.

B • Laboratory Simulation Program

1. General Description

While dred g ing has been carr ied  out for many y e a r s , scion-

tific investigations related to it are  a relatively new activity .

Since full scale measurements a r e  extremely expensive to

conduct , and the results obtained can be highly variable ,
laboratory studies were conducted to identify the effect

of changes in physical characteristics of the dredged mat-

erial on the transportation and disposal phases.  The penalty

3-10
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for enhanced control in the laboratory environment is

uncertainty introduced by scaling of the operations.

A set of controlled experiments were designed to estab-

lish the effects, if any, of the transpo rtation and dumping

operations on the ultimate dispersion of the material.

The contract  scope of work states: “Qua litative predictive
condi tions shall be extrapolated to actual t r anspor t  modes
and distance and disposal site conditions. ” Based on a

carefully designed set of experiments and the use of math-
ematical models , an attempt has been made to be more
quantit ative than was requested in the RFP.

2. Transportat ion Phase

This portion of the laboratory simulation program , which
was per formed by Woodward-Clyde Consultants, simulated

the transportation phase of the dred ging cycle. The pro-

gram was set up to determine the time and vibration effects

on the dred ged materials while in t ransi t  between the

d r edging and disposal sites. The samples used in the pro-

gram were reconstituted at several moisture contents. Two
distinct materials were used. These materials were re-

covered as bulk samples in 55 gallon steel drums which

were  d r a g g e d  across  the bay bottom. Twelve of these

barrels , six “silt” bar re ls  and six “ clay ” ba r re l s  were

sent to the WCC soil laboratory  where  the test ing p r o g r a m

simulating the t ranspor t  or haul phase was ca r r i ed  out.

The “ silt” mate rial came f r o m  Pinole Shoals and the “ clay ”

mater ia l  f rom Mare Island Straits.

The tests on mater ials  f rom the bay mud ba r re l s  consisted

of index and classification tests , l abora tory  vane shear

3-12

IT 1 ,i~ J



tes ts  and the Modular  Tes t  Sy • -~ e i i ,  (MTS) tests . Index

and classification t e s ts  wer e  run to identify th e types of
soils obt ained and to allow the reconstitution of generally
homogeneous bulk samples for  use  in the vibration tests .

L a b o r a t o r y  vane shear  tes ts  wer e  run at t h r e e  depth s in

each b a r r e l  to measu re  the shea r  s t reng th  of the mater ia ls

as r ece ived.  Tes t s  w e r e  also run seve ral times dur ing a

24-hou r period on random samples in separa te  cy l inders

in o r d e r  to dete rmine any thixotropic e ffects on the mud s .

Thixotropy is the proper ty  of a mater ial  that enables it

to st i ffen in a relatively short  time on standing, but on

ag itation or manipulation to change to a very  sof t  c on-

sistency or to a fluid of high viscosity. The p rocess  is

completely reversible .  The tests exceeded the time period

• needed to simulate the haul distance.

The vibration test  p rogram was run on the Modula r Tes t

System (MTS) equipment , which is generally used for

cyclic or dynamic testing of soils. Thi s specialized

• equipment allows samples to be vibrated at a wide range

of amplitudes and f requencies .

Sediment columns of the two materials were  tested in two

foot hig h , clear plastic cy linders at two f requencies  and

amplitudes and at fou r water  contents. The two f requencie s

cover•ed the range of f requencies  as measured  in the field.

The fou r water  contents covered  the range that is typ ical

for  the water  contents of the dred ged materials in a hydraul ic

• pipeline d r e d ge , hopper d r e d g e , and clamshell dred ge.

The time period of each test  simulated a haul  d i s t ant - ‘ - of cO

miles at a speed of 9 knots.
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Each t e s t  w ;t b  d up iL~ tt t - d in a s ta t i .  mode , i. i . , while one

sediment  column wa s  v i d r at .’ l  in the MT S f r a m e , an

ident ical  colu nm was it - I t  u n d i s t u r b e d  fo r  the same time

• per iod wi th  l i i . - purpose  of comparin g tim e effects with

s, ih i r a t ion  c i f t — t ~~. •kn ident ical  set of samples was re—

C u \ v r C l  I’Orfl t h i r .  dep ths  in each cvlinde r , be fo re  and

It r each  t - s t , for wat c - r content and dry d en sity dete rm-

inations.

T i c  amount of sedimenta t ion, i. e. , the depth to the water!

solids in’ v r i a c ~c i-n each cylinder afte r each test , was r e —

Co ra.-c [. L a b o r a t o r y  van e shear strength measurements

w e re  made for the lower w a t e r  content tests , hut the read-

in~i s we c. so 1~~..’ (within the a c c u r a c y  of the instrument)

t ha t  the sl i t i r  s t ren g ths  ‘vt- re considered zero.

C i)i- .H~~
j
~a~ ~‘ h i - s c

1. Gene ra l

Dred ging in San Francisco Bay is p rimaril y accomplished

by t h e  U. S. A r m y  Corps  of Eng i n e e r s  using hopper  d r e d ges ,

-inch u s  lii • BIDDLE and the HARDING , or by c on t r ac to r s

using ~ia i i i sh c l l  d r e d c ~c- s. The U.S. Navy also dred ges in the

N I i  r c island a r t - a  usin g a hydraulic pipeline dred ge.

i t b i u u t  r e g a r d  to the d r e d ging method used , th e dred ge

s -iecti’, ely rc-rnoves in-place material from some prescribed

a r e a  of the hay. and disposes of it by placing it into a ba rge

or hoppe r , p la ~n g  it in a landfill ar ea, or ret’urning it to

the \v a t . -r  at a n e a r b y loca t ion .  All of the d re d g i n g  op era t ion s

in o1~ :

the d r - d g e  s i . .  t i v e l y removin g the  in—p lace m a t e r i al
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n e a r — f i e l d  e f f e c t s  (10 r ing  the d red gin g up .-  r a ti o

. changes in the ph y s i c a l  ch a r a  t t - - r i s t i  s of the in-
place sed iments

T h e se  a r e  t h e  t h r e e  euns ide  rat ions that  wil l  be a d d r e sse d

in the Dred g ing Phase  of this r epor t .

2. Dred ge Control  Capabil i ty

The capabi l i ty  of controlling the d red ge to allow se lec t ive

removal  of sediments is important  f rom a numbe r of points

of view , hc ea u~~e minimizing the volume of ma te r i a l  re-

moved minimizes the environmental  e f f e c t s  in both the

d r e d g in g and disposal  a r ea s , r educes  the amount of sedi-

ment requi r ing  disposal , and reduces  the p ro jec t  costs .

For purposes  of this r epor t  is is convenient  to separa te  the

discussion of hoppe r d r e d ges  and o the r  d r e d ges  (c lamshel l

and pipeline) .

Hoppe r Dred ges

The inherent ly good control  capabil i ty of hoppe r d red ges is
due to their twin sc rew , e lec t r ic  d r i v e  propellors that
provide stable speed control  all the way  down to z e r o  rpm
in both fo rward  and r e v e r s e  di rec t ions. The ships normal ly
can turn  on their yaw axes. The rudders a r e  unusually
l a rge  to insure  posit i\  i’ s t eer i n g  at low wate r speeds .

There  a r e  two components  of d r e d ge lot- a t ions  to be con-
ce rned  with : the s u r f a c e  location of the d r e d ge r e l a t i v e  to
the des i r ed  in-p lace sed iment  and the ver t i ca l  location of
the drag  a r m  re la t ive  to the d e s i r e d  p r o j e c t  dep th .

In a normal  opera t ion , the hopper  d r ed ge lines up on pre~
determined  m a r k s , or  ranges , and runs down a channel
d r ag g ing a r m s  on e i t he r  side. The d red ged mate r ia l  is

placed in h o p pe rs . and when  the hoppers  a r c  full the

mater ia l  is t r a n s p o r t e d  to the dump site and bottom dumped.
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While it is possible to provide the hopper dred ge with a

precis ion nav i gation sys tem, this is not usually done .

Mate r ia l  d red ged with the d r ag a r ms  is f rom two strips

on the bottom approximately separated by the beam distance

of the vessel.  Each s t r i p is pe rhaps 10 feet wide . Th e

na tu re  of the sediment-water inte r face in the Bay is such

that surrounding material may immediately flow into these

dred ged str ips and repeated runs are  n e c e s s a r y ,  each

slightly increasing the channel depth.

While an experienced operator can quite precisely run a

predetermined range , the hopper dredge is most effective
in channels that allow the dred ge to remove material ove r

a substantial distance via repeated runs. It is not effective

in s electively removing small reg ions of material, or in
narrow channels that restrict its maneuverability.

The second component of positioning to consider is the

ve rtical extent which is determined by the depth that the drag-

arm operators  allow the d raga rms  to sink into the sediment

This is determined by their judgernent of the density

of flow coming into the hoppers.

Figure 3-8 shows a record  of the ve rtical drag head depth

control on the HARDING hopper dred ge operating in Mare

Island Straits. The starboard d rag head operato r was ope r-
ating at a depth substantially greate r than the port ope rator

and his depth changes were  of a l a rge r  magnitude. While

some of this d i f fe rence  may have been due to the shape of the
channel being d r ed ged , the inherent subjectivity of the oper-
ator is undoubtedly a factor.

Thu s , the requirements  fo r  maneuvering the dredge, the
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dred ging of s t r ips separated  60-70 feet  f rom each othe r ,

and the subjec t iv i ty  inherent  in the d r a g a r m  depth cent rol ,

cons iderably r e s t r i c t  the ability of a hoppe r dred ge io

selectively remove small quantities of in-place sedim crt t~~.

Clamshell and Pipeline Dred ges

Control of motion with these dred ges normally involves

“walking” on spuds with the th rust being provided by r eeling

in line that has been attached to anchors . The d red ge is

positioned on a line with the aid of tugs and it then drops

its spuds. Anchors  a r e  placed well f o r w a r d  of the dred ge

and the dred ge walks fo rward  by reeling in anchor line

and swinging on either the port or s ta rboard  spud. This

motion allows the dred ge to slowly c rab , or yaw , fo rward

along a predetermined line.

The predete rmined lines a re  often established by installing

lase rs  on the beach. The dred ge Captain positions his

dred ge relative to the visual laser  and channel marks  that

have been installed by a pr e- d r e dge survey  team. Using

this method , the dredge  may be positioned to within seve ral

feet  of any des i red  location.

It is also possible to utilize the navigation techniques of

p re-  and pos t -dred ge su rvey  techniques if additional

• accuracy  is requi red .  Tables 3-4 and 3-5 presen t  a

summary of these methods. It is impo rtant to recognize

that the visual positioning method using a laser  is subje ct

to se r ious  degradat ion  dur ing  per iods of poor visibility

(i. e. fog)  whereas  the electronic position ing sy s tems a re

independent of this.
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S

The second positioning consideration is the ability to
selectively place the bucket, or the cutter head, directly

on the sediment to be removed. Since the location of the

dredge can be established to within several feet, and the

bucket and ladder geometrics are known, these dredges 
:
1

have the capability of selectively removing sediment any-
where in the bay from a spot as small as perhaps 30-50
square feet. In normal ope ration this might be a substan-
tially larger area since it is unlikely that the time will be
taken to locate the d r ed ge to these accuracies. However,

the capability to selectively remove in-place sediments is

far superio r using a clamshell, or pipeline dredge , than

with a hoppe r dred ge , in both horizontal and ve rtical extent.
This is especially important when considering highl y polluted
sediments.

I
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3. Near-field Effects

While a dred ge i s operating, a number of near—field effects are of

interest , such as turbidity generation and oxygen depletion. Little

data ~‘x i 5 t 5  on these  e f f e c t s .

T u r b i d i t y

N e a r - f i e l d  e f f ec t s  a r e  genera ted  b y the hopper dred ge due  to:

- the  ac t ion  of the d rag heads  and propel ler  wash

w i e r  o v e r f l o w

The drag heads  a re  mounted on the ends of l a r g e  diameter  p ipel ines

( 2 0 -3 0  i n c h e s )  and towed t h r o u g h the  sediment  that i s  to be dred ged.

While  a s ea r ch  of the  l i t e r a t u r e  indica tes  that d i r ec t  obse rva t ions

have never  been made , it can be a s sumed  that the d rag heads

d i s t u r b  the bottom and r e suspend  mate r ia l . The amount  of

m a t e r i a l  r e s u sp en d e d  is most p r o b a b l y  q u i t e  small , at least in

a reas  such as Mare  Island S t ra i t s  and the channel  en te r ing  the

Alameda Naval  Ai r  Station . In both of these  locat ions d i v e r s

exper ienced  d i f f ic u l t y  in locat ing a ‘bottom ’ and found a dens i ty

grad ient  that extended over a dep th of m o r e  than 5 fee t . Thi s

var iable  dens i ty  layer  is de sc r ibed  in more  detai l  in a fo l lowing

sect ion.  It appears  that the d r a g a r ni  moves ho r i zon t a l l y  t h r o u g h

a reg ion wi th  a l a r g e  v e r t i c a l  g rad ien t  in dens i ty  and v i scos i ty ,

Under  these  condi t ions , and cons ide r ing  the r a t e  at which  mate r ia l

is being taken into the p ipeline , the d i s t u r b a n c e should be small .

Wakeman , et al [3 1 have repor ted  t u r b i d i t y  levels  downs t r eam of

a hopper dred ge , as shown in Fi g u r e  3 -9 .  The data c l ea r ly  show

elevated leve ls  of t u r b i d i t y  t h roug hout the wa te r  column , wi th  the

hig hes t  level s being near  the bottom. This  component  is  gene ra t ed

b y a combinat ion  of the drag heads and the twin  s c r e w s  and it is

not poss ib le , at thi s t i m e , to quant i f y the ef f ec t  due to these  two

p a r a m e t e r s  sep a ra te ly.  It is i n t e r e s t i n g  to note that the plume
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near t he bottom is more  tu rb id  than the overf low plume.

JBF [4] made measurement s of the tu rb id i ty  plume behind the

hopper dredge GOETHALS in lower Chesapeake B~ y and the

results are shown in Figure 3-10 . The material being dredged

was a silty sand and the t ransmiss ivit y measured included corn-

ponents due to the twin );crews, the dragheads, and overflow .

On Day One , at a range of 550 meters  behind the dred ge , the

entire water column was turbid with a transmissivity of about

8-9 percent . At 1100 meters  range , the lower half of the water

column had cleared substantially. On Day Two, a similar effect

is seen but the bottom water remained more turbid than the

center of the water column. In every case, the upper few meters

is seen to remain highly turbid.

The difference between the Chesapeake Bay results and the

San Francisco Bay resul ts  is most probab ly due to the high clay

content in San Francisco Bay. In Chesapeake Bay the clay fraction

remained in suspension near the sur face  and the bottom tu rb id i ty

was initially due to material disturbed by the screws and dragi~ead,

plus a component caused by the silt and sand settling to the bottom.
In San Francisco Bay, the shap e of the curve is substantially

retained as the range opens, indicating that the plume near the
su rf ace is created by the weir overflow , the plume nea r th e

bottom is created b y the drag head and screw s and , sinc e th e

mater ia l  is p r imar i l y  clay size part icles, settling out is not

evident dur ing the time f r a m e  observed . Thus , it would app ear

as though the near f ie ld  effect  of tu rb id i ty  is very  dependent upon

the material  typ e when using a hopper dred ge.

Very  few measuremen t s  have been made of the tu rb id i ty  associated

with other typ e dred ges .
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Wakeman, et al 13 1 have made measu remen ts  of the t u r b i d i t y

downstream of a clamshell and a cutterhead dred ge with the

results shown in Figu re 3-11 . While it is obvious that there is

t u r b i d i t y  g e n e r a t e d  b y each typ e , compari sons  cannot be made

sinc e t he dred g es w e r e  operat in g in d i f f e r en t  a reas  of the Bay.

Gordon [51 made measurements in the v ic in i ty  of a clamshell

dred ge opera t ing  in New Haven Harbor  ( C o n n e c t i c u t ).  A 14 cubic

yard bucket  was d redg ing  silty sand of a high wate r  content of
42 percent ; the solids are  35 percen t  sand , 40 pe rcen t  silt , and

25 pe rcen t  c lay .  Using a 10 cm path length t r ansmisso rne te r,
back ground levels between 70 and 90 percent transmission were

measured while t r ansmi t t ance near the dred ge was as low as

5 percen t . T u r b i d i t y  was un i fo rm wi th  depth in most of the stud y
area .

The t u r b i d i t y  pat tern  around the d red ge is shown in Figur e 3-12  as

c u r v e s  of constant  concentra t ion  of suspended sol ids , calculated

f rom the t r a n s m i s s o m e t e r  r e c o r d s . The con tours  a re  iden t i f i ed

b y weight f r a c t i o n  in uni ts  of 10~~~.

Based upon as sump tions  of the average  quan t i ty  being d red ged b y
the bucket , and the suspended solids content der ived  f r o m  the

t r ansmissome te r  r e c o r ds , Gordon es t ima tes  that  the loss ra te  is

2 . 5 pe rcen t  of the solids dug and t r a n s f e r r e d  to the rece iv ing  scow.

In a report  on grave l  dred ging in Alabama , Radcl i f f  [6]  foun d that :
“Gravel  d r e d ging p roduces  hi gh t u r b i d i t y only at the

immediate point of spoil d i s c h a r g e.  General ly, tu rb id i ty

was not inc reased  more than 10 J T U  above back ground

-‘ w i th in  1000 fee t  of d r edg ing . ”

A report  by Morneaul t  [7 ]on  d red g ing in Florida indicated :

I
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“H yd r a u l i c  d r e d g ing equi pment  ut li ,es a cutting head and

suction line . Material r em o ve d  L y the  c u t t e r  head is

i l n h l e  dia te l y d r a w n  into the suc t ion  l ine  l i m i t i ng  silt and

tu r~) i ( l i t y a round  the cut t ing  head . Thus , the silt p lumes

a r o u n d  the  d red ge it s e l f , wh ich  a r e  u s u a l l y  a s s oc i a t e d  wi th

d r e d g i n g ,  w er e  in th i s  p r o j ec t  n o n e x i s t e n t . ”

Excep t fo r  t hese  fe” . r e f e r e n c e s , most of the  r ep or ted  w o r k  has

invo lved  m e a s u r e m e n ts a s soc i a t ed  wi th  d isposa l , r a t h e r  than

d r  ed ging.

Oxygen Dep letion

Oxygen dep le t ion  is the  o ther  n e a r - f i e l d  e f fec t  of i n t e r e s t  to thi s

stud y. The i n t roduc t i on  into the wa te r  co lumn of bottom m a t e r i a l

and p ore  w a t e r  f r o m  anaerob ic  in -p lace sediment s u s u a l l y  causes

a d ep r e s s i o n  in the oxygen levels  in the wa te r  column . As in the

case  of t u r b i d i t y ,  oxygen dep let ion in a d r e d g e  p lume  is  h ig hly

dependent  upon the n a t u r e  of the sed imen t s  and the  r e s i d e n t

chemical  const i tuents .  Thus , it is diff icul t  to g e n e r a li ze  about -

the e f f e c t s  of a g iven  d red ging operat ion.

Wakeman , et al .  [3 ]  m e a s u r e d  the oxygen  dep le t ion  in San

F r a n c i s c o  Bay w a t e r s  fo r  t h r e e  types  of d red ges .  Th i s  da ta  is

s u m m a r i z e d  in Fi g u r e  3 - 13 .  Sinc e the  c l amshe l l  d r e d ge was

o p e r a t i n g  in Oakland H a r b o r  and the o the r  two d r e d ges in Mare

Island Stra i ts , a d i rec t  comparison among the t h r e e  d r e d ges

cannot be made.  However , t h e r e  is a s i m i l a r i t y  be tween  the

hopper  d r e d ge and cut te rhead  dred ge oxygen  dep le t ion and t h e

e f f ec t  i s  seen to he q u i t e  small for  thi s p a r t i c u l a r  l o c a t i o n .

C o n s i d e r a b l e  va r ia t ion  is evident  in the  e f f e c t s  f r o m  the c l amshe l l

and fri  some cases  the d isso lved  oxygen  levels  appear to be a c t u a l l y

in c r e a s ed b y the dred ging operation.
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JBF made measurements from the clamshell BOSTON , in the

approaches to Alameda Naval Air Station, as part of thi s study.

Figure 3-14 shows the effect of the dred ging on oxygen levels at

two distances downstream of the dredge. The “oxygenation ”

caused b y the dred g ing is more  apparent  here  than in Wakeman’ s

data. The bucket had a volume of 18 cubic yards and , as it was

raised , material was observed to be washing out of the top and

draining out of the bottom. The ra i s ing  of the bucket genera ted

an upwell ing in the plume area and thi s upwelling caused new ,

hig hly oxygenated water to be drawn into the plume and exposed

the plume su r f ace  to the atmosphere .  These actions appear , in

some cases , to oxygenate the plume volume to such an extent

that a depletion does not take place.

Dissolved oxygen measurements were also made in the standing

water on top of dred ged material in barges filled by the BOSTON

and the hoppers of the HARDING. In Alameda, the oxygen level s

in t he bar g e w e r e  1. 1 ppm at the sur face  and 0. 6 ppm at a depth

of three inches. In the hoppers of the HARDING, ope rating in

Mare Island Straits, the dissolved oxygen in the water at the

surface of the hoppers was 1 .6 ppm .and 1.3 ppm. at a depth of

six inches.

After a barge was filled, the procedure used was to clean off the

deck pr io r  to transiting to the dump site. Clean water was dumped

on the deck using the clamshell until the sediment was  washed

overboard . Thi s action caused a t u r b i d i t y  p lume to be genera ted .

In addition, during the final filling stage the barge often heeled

over slightly causing turbid , low oxygen water to spill into the Bay.

Measuremen t s  w e r e  made di rec t ly  in the plume caused by these

activities . The overflow- water had a DO of 0. 8 ppm; the plume,

at a depth of 3 feet , had a DO of 6. 6 ppm~ and the background in

situ water  had a DO of 8. 0 ppm.
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4 . Effect  on Sediment Ph ysical Ch ar ac t e r i s ti c s

The dredg ing operation takes in-place material and, in some

manner , removes it from the bay and places it in a hopper , a

barge , or a landfill area. Depending on the dredging mode used ,

the effect on sediment characteristics may be large or small.

JBF conducted field studies in San Francisco Bay to establish the

e f fec t  on the c h a r ac t e r i s t i c s  of sediments  due to the dred ging

operat ion , us ing scuba diver s, a clamshell dred ge , and a hopper

dr ed ge. For cont inu ity , the results will all be reported in this

sectio n even thoug h so~ne of the measurements were  made during

the transport phase.

The cha rac t e r i s t i c s  to be studied w e r e  selected based upon a priori

considerat ions and included:  shear strength , penetration, density,

water content , grain size , and oxygen demand. While the latter is

not a physical charac ter is t ic , it was included because of its

importanc e during the disposal phase in open water dumping.

Measurements were made in situ, during the filling operation,

and after the material was in the transport vessel , as described in

an earlier section of this report.

Oxygen Demand

Oxygen demand was ~stablished by measurements of IOD and COD.
IOD was measured by a technique based on a Standard Methods [1]

procedur e in which the level of dissolved oxygen in a closed bottle

is observed as a function of time. The addition of a known amount

of dred ged material  causes  the DO level to drop because of

oxidation of reduced mineral s , predominantly iron and manganese.
The time during which DO levels were observed was a maximum of
60 minutes. In a number of cases duplica te anal yses  were  made to
establish the precision of the technique. Figure 3-15 show s

typical data f rom which the IOD was determined.
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Oxyg en demand was m e a s u r e d  on mater ial  obtained in situ, f rom

the clamshell bucket , the barge , and the hopper dred ge. The

prima ry intent was to discover what discernible effects dred g ing

and t ransport might have on oxygen demand of the dredged material.

V ar iab il it y among samples taken in both dred ging operations was
relatively hi gh although the repeatability of the LOD procedur e was
exc ellent ref lec t ing the non-homogeneity of the material recovered .
Sinc e the var iabi l i ty  was large , minor e f fec t s  on oxyg en demand

may have been masked;  how ever , the da ta showed no major changes
in oxygen demand due to the dred ging opera t ions.

(a) Clamshell Dred ge
The IOD and COD measurements  taken at the clamshell dred g ing
sites are  summarized in Tables 3-6 and 3-7 . As a guide to
interpre t ing this information it should be noted that the standard

deviations for rep licate analy ses of the same sample w er e about

36 g /k g and less than 2 mg /kg for IOD and COD resp ect ively.

Variations among samp les taken at the time are  shown in Tables
3-6 and 3-7 and the standard deviations average about 150 mg /kg

for IOD and 4 g /kg for COD. Thus, variability of the samples

f rom the clamshell and the barge are  considerably more than the
va riations due to samp ling method and analysis .  This ref l ects th e

non-homogeneity of the material .

It sho uld also be noted that the data p resen ted  in Tables 3-6 and
— 3-7 are  f rom different  dred ging sites and the re fo re  may ref lect

site d i f f e r ences .  However , t he s i te- to-s i te  variabil i t y in data for

Alamada does not appear to differ significantly from the “within-

site” variability. For this reason data was combined for all th ree

Alameda sites to provide larger samples for recognizing trends ,

The COD information indicates a slight, but perhaps significant,

t rend towards  lowering of oxygen demand b y the dred ging operat ion.
The COD level of material  in the clamshell or in the barge show s
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TABLE 3-6 - COD Measured in Bucket Dr~~~ge , g /k g

In the In the
in situ bucket barge

Mean 55 49 48

Standard Deviation 1.6 5 .7 4 . 6

Number of Samples 4 4 6

TABLE 3-7 - IOD Measured  in Bucket  Dredge m g / k g

In the In the
in situ bucket barge

Mean 711 1028 940
Standard Deviation 98 161 179

Number of Samples 3 3 7
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1

greater variability than that in situ , perhap s due to some

sat isfact io n of t he oxyg en demand tak in g place as th e mat eria l

beca me we ll disper sed dur ing the dr ed ging operation . However ,

the mean COD levels show only slight reduct ion  f rom in situ

means, indicating that very little of the COD is satisfied by the

clamshell dred ging op era t ion .

The IOD information show s negligible change f rom the clamshell

samples to th e bar ge samples and the in situ IOD levels a re , in

fact , lower than those in the bucket or barge .  The probable

explanation is that the in situ samp les were  of surface mud at the

harbor  bottom and did not represent  typical material at the grade

level of the dred ging operation . The material at the grade level

may have had a higher oxygen demand to account for the levels

observed in the clamshell and in the barge .  We feel , however ,

that no significant satisfaction of IOD takes place as a r e su lt of

the clamshell dred ging operation.

(b)  Hopper Dred ge

The IOD and COD measurements taken at the hopper dred ging site

are  summarized in Tables 3-8 and 3-9. These data include

in situ measurements as well as measurements of oxygen demand

in the mud flow and in the hopper itself . Because of the method
of operation of the dred ge the mud flow varied between a “heavy

density” flow of low water content to a “light density” flow of

high water content. Once in the hopper , the heavy material sank
to the bottom leaving a surface layer of turbid water.  Sinc e the
oxygen demand appeared to d i f fe r -  si gnificantly according to the

flow density and the depth in the hopper , the data has been

separated on these parameters .

The COD data shows a neglig ible d i f fe rence  between the in situ

samples and the hopper samples. The differences between the
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TABLE 3-~ - COD Nlea scirernent in Hopper Dredge g/kg

MUD FLOW IN HOPPER

in hig h low (~~0 ’)  (20 ’ )
sc ’ , d e n s i t y  density deep shallow

mean ~‘0 .5 45 49 4 9 .9  51 .2

standard dev . 1 .1)

no. in sample 1 1 1 2

‘I

TABLE 3-9 - IOD Measured in Hopper Dred ge mg /g

MUD FLOW IN HOPPER

in high low (220’) (<20’)
situ density density deep shallow

mean 875 921 513 867 690
standard dev , 197 139
no. in sample 4 2 2 2 3
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high densi t y f low and low dens i ty  flow and the d i f fe rences  with
hopper dep th also are  not signif icant . The depressed  values found
in the mud flow (as compared to in situ) might reflect dilution of
th e mat erial b y water  drawn b y the pump . In general, these data

show no evidence of sat isfaction of the COD b y the hopper dred g ing
op eration .

The IOD data shows l i t t le  change between the hig h dens i t y f low
and the “deep” hopper samples, or between the low density f low
and the “shallow” samples, indicating that the heavy material
taken from the harbor bottom sinks into the hopper with no
significant reduction in oxygen demand. Again the in s i tu

measurement s of IOD are low , probably reflect ing the fact  that
samples obtained by the divers were  not taken suf f ic ien t ly  deep in
the mud to represent  the bul k of the dredged material.  It appears
that no significant reduction of IOD results  f rom the hopper dredging
operation.

It can be demonstrated that very little of the IOD initially p r e sen t
in the sediment will be satisfied during the dred ging process wi th
a hopper dred ge. Thi s may be seen b y noting that typical IOD
values found during this study were about 1000 mg/kg. Assume
that the sediment were diluted during the dred g ing operat ion suc h
that the concentration of IOD in the dred ged material s lur ry  was
500 m g/ i . The dred ged material s lurry  would initially have a DO
of 5 m g / I  if the overlying water had a DO of 10 mg / l  (the sediment DO
will be zero) .  Thus , even if the dissolved oxygen were  comp letel y
reacted with the IOD , the reduct ion in IOD wo uld be only 5 m g / i
or i percent of the initial IOD.

As the dred ged mater ia l  sl u r ry  enters  the dred ge , it t r avel s down
chutes and sp lashes into the hoppers. During thi s period oxygen
from the air will react  with IOD. However , once in th e hopper  the
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sediment will rapidly settle below the water surface and be much

less available to ox yg enat ion reacti on s . The extent of oxygenation

dur ing the time f rom leaving the pipe until deposited in the hopper

can be estimated with an IOD model developed by JBF .

The model assumes first order reaction kinetics and reoxygenation

of the s l u r ry  wa te r  from the atmosphere. Allowing reasonable

assump tions for  the ph ysical  constant s and 1. 0 minute of contact

with the air while traveling in the chute and splashing into the

hopper , th e model predic ts  that about 9 m g / i  of IOD w ill be
sa t i s f ied . Thus , f r o m  the t ime of dred g ing to deposit in the hopper ,

only 14 m g/ i  of IOD f r o m  an orig inal 500 m g / i , or abou t 3 pe rcen t ,
wi l l  be sa t i s f ied .  While some uncer ta in t y may exist concerning
th e exact number s , it is clea r t hat th e hopper dred g ing opera t ion

will not substantially a f fec t  the sediment rOD .

Sinc e the exposure to oxygenated water  is  less  for  a clamshell , the
effect  would be even smaller . In the case of a hydraulic pipeline
dred ge , th e re tention t imes in th e p ip el ine are  longe r and more

oxygen demand can be sat isf ied.  However , an y significant satis-

faction of this IOD will requi re  the addition of bulk oxygen to the

pipeline .

Based upon the measurements made and the above analysis , t he re
is no reason to bel ieve that a rout ine dredging  operation can sign i-

ficantly affect the oxygen demand of the dred ged material regardless

of the type dredge used , unless  the sediment oxygen demand is
extremely low, a case of little interest  to this discussion.

Moisture Content and Dry Density

Moisture  content was measured in situ , in the clamshell , in th e

barge filled with a clamshell , and in the hopper dred ge .

The data is presented as percent  mois tu re , per cent so lids , and d ry
density.  Values were  calculated as follows:
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w

Percent Moisture (PCM) = 
~~~~

-

~~~

- x 100

W
Percent Solids (PCS) = 

~~ 
x 100

W
Dry Densi ty

w h e r e :  W wei ght of the wa te rw

W 5 d ry  weig ht of the so l ids

V total sample volume

Pe rc e n t  moistur e and percent  solids are re la ted  b y:

PCS ioo
[~ + PC M ]100

In th is  sect ion both PCM and PCS are  plot ted for  the r e a d e r s
co nven ience .  Dry dens i ty  da ta is p r e s ent ed in t h e data tables  in

Appendix A.

Samples were taken in a number of pockets in the barge , and at

severa l  depths , in both the barge  and the hopper operat ion . In
the hopper operation , samples were also taken at various times

dur ing the run f rom the dred ging site to the disposal site.  The
pri mary intent was to discover what effect  the method of dred g ing

and t r an sit to th e du mp site had on m o i s t u r e  content of d red ged

mate r ia l .

In both the hopper and the barge  pockets , th e moi stu re content  ~~as
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at a maxiriun-t at the  su r~ iice a rd  din in i s h e d  w i t h  dep th . The data

exh i h i t e d  g r e a t e r  v a r i a b i l i t y when the water content was hi gh . For

bur g s f i l l ed  w i t h  a clamshell , the distribution of m o i s t u r e  content

i n the p o c k e t s  c~-ihibi ted a dependenc y on the o rde r  in which the

po cke t s  ‘a cr ~ f i l l e d .

(a )  In Sit , ~~~-a~- i ir e n- e n t s

~) iv c r s  co l le ct e d  samp les in Alameda and in Mare  Island S t r a i t s

in the a r e a s  h - i n c  d red ged and at the Mare  Island site , j u s t  no r th

ef t~~~. - d r e dged t i - c a , In each case the dive vesse l  was  anchored and
t~~e - i i v e r s  ‘a ef l l . ( l o Wf l  t h e  anc hor l ine .

Ii~ ~- - -~a r e  Isl~ai~d S t r a i t s  the d i v e r s  moved f r e e l y down the line unt i l

a in -j s~ at the - -  
~~t to m, ” at which t ime the diver  could feel  the

l i e n s i t y  of the f lu id  i nc r e a s i n g .  Near  the water  /sediment  i n t e r f ace

the r e  appe ared  to be a substantial  gradient  in densi ty ,  or v i s c o s i t y ,

and the  d i v e r s  could not r each  the dep th of the anchor without

t h e i r  m asks f i l l ing  wi th  sediment and their r e g u l a t o r s  f r e e  f lowing .

However , the anchor  could be felt  with the d i v e r s  feet  when they

sank v e r t i c a l l y into the sediment .

A ~— a t e r / s e d i m e n t  i n t e r f a c e  coul d be located b y the diver slowl y

moving his hand ve r t i ca l l y wi th  the palm hor izonta l .  At a dep th

of 1~ to 18 inc he s below this in te r face , his regula tor  would f r e e

low . Measurement s w e r e  made on samp les obtained by the

d i v e r s  at dep ths above and below the i n t e r f a c e .  It should be

r e a l i z e d , however , that the depths at which these samp les were

obta ined  could v a r y  b y as much as 6 to 8 inches  due to the

host i le  w o r k i n g  condi t ions .

Fig i r e s  3- 16 and 3- 17 show plots of the g rad ien t  in Mare  Island

St ra i t s  and Alameda for  data ob ta ined  on diver samp les . At

Ai - -. me da , a J e l i n i t e  w a t e r  / s ed imen t  i n t e r f a c e  existed and the

d i v e r s  could onl y obtain samples to a dep th 18 inches  below it ,

wh e r e a s  in M a r e  Island S t ra i t s  they could penetrate 36 inches.
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This sugges ts  that the gradient  be low the i n t e rf a c e  is much

steeper at Alameda than Mare  Island Strai ts .

Two samp les w e r e  obta ined several  hundred  feet  no r th  of the

dred ged area  in M a r e  Island Strai ts . The a v e r a g e  percen t

mois tu re  fo r  these  two was 197 pe rcen t . Sinc e these  samp les

‘a-ere obta ined below the depth at wh ich  the  d i v e r s  r egu la to r  I r ee

f lowed , th is  s u g g e s t s  that the g rad ien t  in the undred ged a rea  may

not be as steep as the gradient  in the a rea  being dred ged . The

d i v e r s  d e s c r i b e d  the undred ged area  as feel ing “ silt y, ” or “ sp ongy , ’

and said that the sampler felt as if.  it would come back up when

pushed into the sediment . They desc r ibed  the dred ged a rea  as

being “sticky, ” or “claylike , ” and being f i r m e r.  They could

stand up in the dred ged area but could not stand in the undred ged

area .

A number of samples using a variety of samp lers , were obtained

in Alameda , as shown in Table 3- 10 . Excep t for the 2 inc h

diameter PVC tube , the r e su l t s  cbtained are quite similar. The

2 inch diameter  tube was approximate l y 30 inche s long and was

pushed into the sediment as deep as the diver could reach . Thus ,

the top reading undoubtedl y descr ibes  sediment close to the
interface , as shown in Figure 3-17 , and the bottom reading is

prob abl y the deepes t penetration obtained by the divers. Sinc e it

is higher in solids than the 18 inch sample, this suggests that the

percen t sol ids gradient  is still incr easing at depths g r ea t e r  than

18 inches below the interface.

(b)  Clamshell Dred ge

The observed relationship between moistur e content and depth

wi thin a ba rge pocket is i l lus t ra ted  in Fi g u r e  3-18 which shows

dep th vs percent moisture and percent solids for a series of

samples taken in a sing le barge  pock et fo r  a singl e d red ging run .

-i
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Thi s suggests  that the g rad ien t  bclow the in te r face  is much

steeper at Alameda than Mare Island Straits .

Two samp les were t Otamned -s e v e ra l  h u n d r e d  feet  nor th  of the

dred ged a rea  in M a r , - I s lan ’I  S t r a i t s . The ave rage  pe rcen t

mo i s tu re  for  t h e s e  t’au ‘~‘.as  1 97 pe r -nt . Sinc e these samp les

were obtained below the  dep th  at ~.- fii ch the divers regulator free

flowed , this suggests that the gr tdi ~-zi t in the undred ged area may

not be as steep as the gradient in the area being d redged. The

d i v e r s  d e s c r i b e d  the u n d r e d gee  ar e a  a s  f e e l i n g  “ s i l ty , ” or “ spongy, ”

and said that the samp ler  fe l t  as if i t  would come back up when

pushed  into the sed imen t . They d e s c r i bed the dred ged area  as

being “ stick y, ” or “ clayl ike , ” and being f i r m e r .  They  could

stand up in the dred ged area but could not stand in the undred ged

area.

A number  of samp les us ing a var ie t y of samplers , we re  obta ined

in Alameda, as shown in Table 3-10 . Except for the 2 inch

diameter  PVC tube , the r e su l t s  obtained a re  q uite s imi la r .  The

2 inch diameter  tube was approximatel y 30 inches long and was

pushed int o the sediment as deep as the diver  could reach . Thus ,

the top reading undoubtedly describes sediment close to the

interface , as shown in Figure 3-17 , and the bottom reading is

probably the deepest penetration obtained b y the d i v e r s . Sinc e it

is hig her in solids than the 18 inch samp le , this  suggests  that  the

percent  solids g r a d i e n t  is still inc reas ing  at depths g r e a t e r  than

18 inches  below the in t e r f ace .

(h)  Clamshell Dred ge

The observed relationship between moistur e content and depth

within a ba rge  pocket is i l lus t r a t ed  in F igure  3-18 which shows

dep th vs pe rcen t  m o i s t u r e  and p e rc e n t  sol ids  fo r  a s e r i e m ~ of

samples taken in a s ingle  ba rge  pocket for  a sing le dred g ing r u n .

3-43

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~i



r 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _
_

PCS
0 10 20 30 40

4- ,

wa t &- r / se d im e n t
~- in t e r f a c e — - -~~~--- —

900 400 230 150
PCM

Fi gure  3-16.  In Situ M e a s u re m e n t s  of M o i s t u r e  Con ten t  G r a d i e n t
in Mare Island St ra i t s

PCS
0 10 20 30 40_

± 3 6  — __________ __________ __________

0-I
w a t e r/ s e d i m e n t
in t e r f ace  - =— — -— — — -  — — — — — -

-18 
-_ __ _

900 400 230 150
PCM

Figure 3-17. In Situ Measurements of M o i s t u r e  Conten t  G r a d i e n t
in A lameda

3-44

-_~ - - r  — - 
~~~ ~~

‘ - - -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-



r - —--- --4- -- - - 4

TABLE 3-10 - Data From Diver  Samples in Alameda

% M ois tu re  ~, Solids

u in . diameter  PVC tube  l4~ 40.  3

2 in . diameter  b r a s s  tube  157 , 153 3K . 9 , 39 ,~
3 in d iameter  PVC tube  14~ 39. 2

2 in diameter PVC tube tcp 173 3’ . t

bottom 124 44. ,

149. 5 40 . 1

The high water content on the surface and the slight trend t,pw a r d s

decreased  moist ure con tent at grea te r  depth is evident from these

data although the spread of the data is qu i t e  l a rge . In i n t e r p r e t i n g

this data it should be noted that the s t a n d a r d  devia t ion  due  to

re plication of individual sampis produced a va r i a t ion  of about

15 percen t  due to anal ytical p r o c e d u r e s .  Ih i s  is near l y as l a r g e

as the o b s e r v e d  s tandard  devia t ion  in the data samp les . Thus ,

much of the data variat ion about the l ine of mo i s tu r e  content  v is

depth is ref lec t ing  sampling e r r o r , w h i c h  i nc ludes  va r i a t ion  due

to the samp ling method and the analyt ica l  p r oc e d u r e  used . We \ \ ou l d

expect the latter to be ve ry  small .

Figur e 3-19 shows the mois ture  content in a number  of b a r c e

pockets  for  samples at two depths .  In thi s case  t h e  b a r g e  was

initially loaded in the center  pockets  (4 and 5) and henc e the

increased  mois ture  content , p a r t i c u l a r l y  at the s u r f ac e , in  the

end pocket s ( 1 and 6) is expected , due to excess water  r u n n i n g

into t he end pockets.  The data shown in F i g u r e  3-19 was  t aken

w hile the dredge  was fi l l ing a single b a r g e .  The data  d e m o n s t r a t e s

an ef fec t  on m o i s t u r e  cont ei~. )f the r e c o v e r e d  mate r ial , due  to

the method of loadin g t h e ba rg e (i . e . ,  cen te r  pocke t s  f i r s t ) .

If the data  in Tab le  3-10 , showing the  p e rc e n t  mo i s t u r e  f r o m  in s i t u
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Alameda samples is compared to levels in Figure 3- 18 and 3-19 ,

it is apparent that the clamshell dred ge has little effect on the

in-place moisture content. The in-place sediment percent moisture

ranged from 124 to 173 whereas the measurements in the barge

ranged from approximately 100 to 140, with extremes at 70 and

210. Based upon observations by the divers , and the personnel

on the barge , the clamshell was probably penet ra t ing  to a

deeper depth in the sediment than the divers  coul d , which would

account for the mean barge sample percent  moist ure be ing lower

than the mean of the in situ data.

Large clump s of re la t ive ly  undi sturbed material were  observed

in the clamshell  and in the barge as shown in Figur e 3-20 and

3-2 1. This non-homogeniety was also evident when the sampler

was pressed into the material , penetrat ing easily in some places

and with more pressure required in others.

(c) Hopper Dredge

Th e obse r ved va r ia t ions in mois tu re content of the d re dged

mater ial  in the hopper as a function of depth and transit time are

shown in Figures 3-22 through 3-27. These figures represent

the three types of hopper dredging runs that were monitored:

a) “Normal” runs where dredging was followed immediatel y
by a 10 to 20 minute transit to the dump site

h) “Hove-to” run where the vessel remained stationary
at the dred ge site for 15 minutes after dredging, then
made the 15 minute transit to the dump site, and

c) “Extended” run where the vessel made a 2-1/2 hour
t r ans i t  to a di stant dump site immediately af ter
dred ging .

In each case  the  t ime  va r i a t ion  in moisture content has been

plotted for a series of depths in the hopper and the percent

mois tu re  p ro f i l e  has been plotted against  depth in hopper for a

f ixed t ime dur ing  the run . In both the short runs  (normal and
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Fi g u r e  3-20 .  Dred ged Mater ia l  in the C lamshe l l

~~~~~~~~ -
Figure 3-21 . Dred ged Material in the Barge
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hove-to runs) the decrease in moisture content with increased

dep th is apparen t ; however , t h e r e  is no indicat ion of a

- 

- stratification into layers in the hopper. In the extended run , on

the  other hand , a s t r a t i f i c a t i o n  of the mater ia l  into a hi g h so l ids

layer in the hopper at depths below 15 feet and a low solids layer

in the upper 15 feet is apparent after about 60 minutes runn ing

time . The lower layer appeared to be about 40 to 50 per cen t

solids while the surfac e layer is increased in moisture content to

about 20 percent solids after 1 hour running time.

If the in-place sediment for Mare Island Straits , from Figure 3- lu ,

is compared to the  g r a phs of mo i s tu re  content  in the hoppers , it

is found that the material in the lower layer is of approximately

the same m o i s t u r e  content  as in situ. For a 15 minute  r e s idence

time (as in dump ing in Carqu inez  S t r a i t s ) ,  thi s is t rue  at depths

in the hopper g r e a t e r  than approximately  20 fee t  (about  half the

hopper depth). After a 65 minute residence time, the extent of

low mois ture  content mater ia l  has inc reased  by severa l  fee t .

In general , the moisture content in the mater ia l  in the hopper

dr ed ge appears to be hig her than that in the clamshell opera t ion
although af ter  s t ra t i f ica t ion, the mater ia l  near  the bot tom of the

hopper approaches the percent  solids found in the clamshell

operat ion. However , it must be r e m e m b e r e d  that the  c l an- she l l

and hopper operation took place at d i f fe r ent s i tes  and , the~- e f o r e ,
site-to -site d i f f e r e n c e s  may have a f f ec t ed  thi s compar i son .

As can be seen f r o m  the fi gures  the e f fec t  of t r a n s i t  t ime Oil

m o i s t u r e  content of the dred ge material is not large . Onl y in

• th e exte nded run  does t hi s e f f ec t  app ear to become si gni f i can t  and

then not unt i l  a f t e r  about one hour in t r a n s i t  and onl y af f ec t  the
upper half of the mate r ia l in th e hopper . In the shor t  runs
(normal and hove-to) the effect is not s ig n i f ic a n t  for  e i ther  t h e
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hove -to  or the underway t ime , indicat ing that the underway
v ib ra t ions  are probab ly  not si gnif icant  for  thi s parameter .
I -I’ w c v er , t he i n c r e a s e  in p e rce nt solids , (or decrease  in pe r cen t
m o i s t u r e )  with depth in the hopper is si gnif icant in all run s .

:-~ a -~ L1- t he  s u r f a c e  of the hopper  the dred ge mat er ia l is hi ghly
n o n - h o m og e n e o u s  and cons i s t s  of patches of water and clump s

o selid ma~Ur ia 1 , This non-homogene i ty  is r ef lected in the
:~n a 1vs is  of su r face  sampl es w h e r e  percent  solids va ry  f r o m

about  5 p e r c en t  to ove r 20 perce nt . These figures can be

co mpared w i t h  an anal ys is  var ia t ion of abou t + 2 percent solids.
This  non-homogene i ty  is not evi dent in Figures  3 -22  to 3-27
si nce these data a re  averages  der ived  f rom mixing sample
m a t e r i a l  thoro u g h ly be fo re  drawing the analysis  samp le . This
mixin g has the e f fec t  of reduc ing  the va r i a t ion  due to non-
ho mogenei ty  of the sur fac e dred ge mater ia ls .

The data samp les in the hopper dred ging operation were  taken by
bo th t he grab  sampling method and the syringe sampler method
shown in F i g u r e  3-5 . The grab  samples we re  used for sampling
in the upper 15 feet of the hopper and the syr inge  sampler method
was used below 15 feet depth . There was evidence of an e f fec t
due to method of samp ling with the sy r inge  samp ler met hod

g ivin g somewhat g rea te r  percent moisture than the grab samp les
for similar samp les . The samp ling effect  was grea tes t  when
moi s tu r e content  was hig h (about 100 PCM di f fe renc e at 300 PCM).
This effect w a s  not as large below 15 feet dep th , where  mois ture
content was lower , -m d  th e r e f o r e  it did not mask the effect  of
de pth in hopper . T e s t s  on the sy r i nge and controlled volume
in si tu  samp les ind ica ted  that for  sediment s of the percent
m o i s t u r e  foun d in the bottom half of the hopper , or the carge , the

t n t  was u n i m p o r t a n t . For th is  reason , tes ts repor ted in the
upp er  15 f e e t  of t h e  t i n j ~p~-r a re  from samples obtained with a
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st a n c h a r d  2 inch d i am et e r  w a t e r  samp ler and s y r i n g e  sampler  was

onl y u s e d  f o r  dep ths  g r ea tc i-  than 15 f e e t .

Fi g u r e  3-20  shows the na tu re  of the m a t e r i a l  in the hopper upper

r e g ion , at a d e p th of app rox ima te ly 7 . 5 fe e t .

(d)  Shear St r e n g t h

Fi g u r e  3 — 2 9  shows  a typ ical r e s u l t  of t he fie ld vane  sh e a r  t e s t s

a b o a r d  the Hopp er Dred ge HARDING. A d d i t i e n - i t  g ra p h s a r e

incl uded in App endix B . The g r a p h show s t 1 ~~- c al c u l a t e d  shea r

s t r en g t h in psf  v e r s u s  d e g r e e s  rotation of th e shear  vane , w i t h

t he va lues  of shear s t r e n g t h  r a n g ing from 0 to ~ p sf  a f t e r  a

c o r r e c t i o n  f o r  r o d  friction was made (see Ap p en d i x  B fo r  a

d i s c u s s i o n  of r o d  f r i c t i o n  values  and for  data on shear  vane

ca l ibra t ions.

In some c a s e s  it was  found  that the values  ob ta ined  w e r e  smal ler

than the a s sumed  rod f r i c t i o n  and that the net shear s t r e n g t h  w a s

the re fo re  zero . A number of the g rap h s in t he App endix also

show re s idua l  shear s t r e n g t h  va lues , which  a r e  not c o r r e c t e d  for

rod friction . The residual values were obtained by rotating the

field vane a full 360° and then recording the r e s i s t a n ce past  360 ° ,

when the vane w a s  p u s h i n g  aga ins t  r emolded  m a t e r i a l s .  The

loca tion , dep th , ancl t ime of each tes t  is  also shown on the fi g u r e s .

F i g u r e  3-30 shows shear  s t ren g th vs degrees rotation measured

aboard a barge f i l l e d  b y the c lamshel l  d r e d ge BOSTON . Tab le

3-11 p r e s e n t s  a s u m m a r y  of the s h e a r  s t r e n g t h  m e a s u r em e n t s

made on t he two dred ges . The c o r r e c t e d  va lues  of shear  s t r e n g t h

r u n  as hi gh as 110 pcf on the clamshell. Whi l e  t h e s e  va lues  a r e

subs t ant ia ll y hi gher  than the values  on the HARDING , they are  not as

c o n s i s t e n t .  The  bas ic  d i f f e r e n c e in the m e t h o d  of d r e d g ing ,  the

p ickup of the  s ed imen t  by c l amshe l l  vs  the  d rag  head of the hopper

d red ge , exp lains thi s d i f f e r e n c e  in apparent  shear  st rength .

3 -5 5
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at  a Dep th of 7. 5 f ee t  Below t h e  Surface
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TABLE 3-11

Field Vane Shear Test Summary

- - T E S I  OH’15 MAX . SHE A R SHEAR ST RENGTH* DEGREES DATE & ______— — O F 1 E - T  STREN GTH CONNECTED FOR R O T A T I O N  TI M E OF
(PSF) ROD FRICTION TEST

- -

~

“ 8 1 9 8 30 3/1 ~j ’ . 2:33 5 Gal - ui k - i

C 1/2 10.5 10 45 13 1:4 1 Gal . [u Cn-t

0 1/2 6 5 30 3/1 3 ,Z7 14:I5 I G a l .  ~~~ - - a

1 1 9 8 15 3~ 14 , 75 ,11 10 3 . . 17’

3 28~ 18 12 4-  $ 13:21

4 i 4 ~ 7-5 7 30 14:25 h i :  a t  re- ,t
5 29k , 10.5 4 45 14:35 ‘hO- ,a 

4A 24 ( 7 . 5  7 30 d l i  ~
- 5A 29~I 9 2 45 3/14,75 ,14:51 ‘n 111 Fn  m o t i on  Thn ’ - : r

7 20 16 .5 16 90 3 /1 5/75 . 8 —~ 
- ni~ - ~a t ‘-i-st

8 29~, 14 7 40 4:1? h~ i

71% 260 15 8 60 9:11 5b11 in r- i o f l

81% 29~ 9 6 15 9:22 1- h i p  in - 1- -

78 26’-~ 15 12 10:0 1 Sh ip  f n

49 29’~ 6 0 30 3/15/75 ,10:10 Ship  in - s i  sri -~~~~~r- ’-~

sosroN - 4 15 10 30 3/11 75 , 9-35 50 i - -~~,-i

4 - 5 67.5 61 75 9-14 so cnw ~ r-’.

A 1/2 50 49 20 11:22 L o a d i r - : tie O- t o,,i- 5:41 -
B 1 73 72 25 11:31 u d i -- :  ~- F e ’~~~~ ’ 5ide

B 2 110 108 50 11:4 0 Load ’n . C - - ’ -e s ad’ -

C 1 13.5 12 30 11 :52 Loa dinc - i  Snr ’-

C 2 0-2 80 30 12:00 au di o- : 1- ,aIn t  S c - r i d  s i d e
- 3/4 8 7 35 1:57 5 Gal . E i a n C e t
— 1 14 13 50 2:21 I r i  ba r  a ,ber e  atc~~’- serF1—

was t - a i r -

— 10 10_ S 0 15 4:05

— 12 17 2 25
— 8 13.5 3 30 3/’1/75 , -1 : 39

10 6 90 82 75 3/17 / 7 5 , 10 05
11 11 , 75 61 45 ic - 21

13 1~, 31 30 25 11:52 In cia:- is1k, ’d

13 1 54 53 35 I 11:47 Beinii clam b- ic. - -

14 F- ’, 60 52 90 12:12

BOSTON 15 1 1k, 60 46 55 3/17/75 ,12 :25

‘1 -~ ps u / f t  of Rod
“P - - u  ‘ ( ic -t i e r  assumed to t a l e  e f f ec t  at 22 ft depth on 3/15/75

and 24 f t  depth on 3/13/15 and 3/14/75
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In the hopper dred ge operation the sediment is highl y d is tu r bed

w hen sucked in to th e d r ag h ead , mixed with water , and tur ned

into a slurry while being pumped into the hoppers. In this state

the soil , at a water content genera l ly  above it s liq uid limit ,
behaves  as a hi ghl y v iscous  fl uid r at her t han a plastic material.
i he  l iqu id  l imi t  (LL)  of a soi l is th e wate r content , exp r essed as
a p e rcen tage  of the d r y  wei ght of  the solids , at whic h the soil

changes frum a plastic form to a liquid form (see ASTM D653 -67) .
Thi s point is  genera l ly considered as the border l ine  between soil
and f lu id  mechanics, and i t  is general ly accep ted that the shear

s t r e n g t h , as it is unders tood in soil mechanics  t e r m s , becomes

zero in soils with a water content above their liquid limits . At

that point the viscosity of the fluid is then cons idered  as a typ e of

shear  s t reng th , bu t  as measured  in t e rms  of f lu id  mechanics. The
r e s u l t s  presen ted  f r o m  the hopper dred ge t es t s  tend to bear out

the fact  that the shear  s t reng th  of the mater ial  in the hopper dred ge
is at or near z e r o , with all of the values above zero  probab ly

fal l ing within  the  range of accu racy  of the measu r ing  equ ipment .

In the clamshell  d r ed ge operation the sediment is dumped into the

barge  pockets with a clamshell which  has been dropped into the

bay bottom sediment s until  full . The material  in thi s case ,
although d i s t u r b e d , is deposited in clump s, some of which re ta in
t h e i r  soil c o n s i s t e n cy  and the re fo re  retain measurable  shear
s t r e n g t h .

The  iluc tua t ions  noted in the resu l t s  of the shear s t rength

m easurements  on the BOSTON are  due to th i s  random clump ing
of the dred ged mater ia l, which r e su l t s  in w a te r - f i l l e d  voids

be tween  the clumps , and the r efore  in extensive s t r a t i f i ca t ion  of

the deposit within a given cross section of the barge pockets.

3-6 0
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As can be noted on Figures  3-29 and 3-30 , an al lowance fo r  rod

fr ic t ion was made in calculating the final value s of shear strength ;

the reason being that the torque  measured at the level of the

ships ’ decks included no t only the r e s i s t ance  of the d red ged

material  to the shear vane , but also t he f r i c t ion  of the extension

rods. In order to determine the value of th i s  rod f r i c t i o n  a s e r i e s

of tests was made in which the rods were  tu rned  without  a t taching

the shear vane. The torque values were then used in calculating

shear strength in the ordinary way; based on an average , a

constant of rod f r ic t ion  res i s tance  per foot of rod penetra t ion

amounting to 1. 25 psf of shear s t r eng th  was ca lcula ted .  The data

are  presented in g r a p hical fo rm in Fig u r e  3-31 ( see  Appendix B

for  a detai led d i scuss ion  of assumpt ions  invo lved) .

Penet ra t ion  Tests  - To determine  the bear ing  capacity of the

dred ged materials, penetration test s were made using flat steel

plates, one a 6 in . dia. ci rc le  and the other  a 12 in . square ,

attached to drill rods and weight s. Fi g u r e  3-32 p re sen t s the

graphical resu l t s  and these  are  summar ized  in Table 3-12 . The

zero penetration line on the bottom of the graph represents the

level of the dredged materials at which resistanc e to the plate

penetration was first encountered , i. e., where settlement of the

plate/rod system first was anything less than j ust  sinking throug h

water. Since in no case was suff ic ient  time available to balance

the weight on the plates in such a way that settlement of the p lates

cou ld be a r res ted , it was not possible to calculate any reliable

bear ing capacity values , based on plate pene t ra t ion  t e s t s .  The

results for the 12-inch square plate do, however , indicate that

about two feet  int o the solids the soil becomes relat ively st ronger ,

i. e . ,  th e settl ement slows down to a r a t e  of about 1

per minute under a 30 to 40-pound weight . This would ind icate that

the bea r ing  capaci ty  of the mate r ia l  at that  point would be

3-61
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TABLE 3-12

Penetra t ion Test  Data (12” Square Plate)

DREDGE DATE TIME APPLIED DEPTH TO MIN.  RATE OF REMARKS
_______ — — WEIGHT RESISTANCE SETTLEMENT

HARDING 3/13/75 14:10 lOO# No res i stance
to bottom (31’)

3/13/75 15:00 30# 16’ 1”/Min . Stopped at 16’S’

3/14/75 8:55 57# 24’ 1”/Min. @
28’ — 31½ ’

9:10 43.5# 28’ Continued to move

10:30 36~- 24’ Stopped at 24’

— 
10:45 44# 23’ Stopped at 23’

I 10:45 5011 Continued to 27-28 ’
out of time

12:07 4411 27’ 1”/Min.
27½ - 29’

-‘ 

I I 12:15 6511
12:20 9011 4”/Min.

28 - 29’
3/14/75 12:20 9011 12” /Min .

29 - 31½’

3/15/75 7:55 44# 21’

8:26 44 11 21 ’9”
8:31 6611 5” /M i n.

to 22 ’2”
8:31 6611 1 /Mm .

to 22’4”
8:31 6611 Rapid settlement

22’4” - 28’
8:40 74# 2 ”/Sec .

to 31½ ’

9:34 5311 20’ 4”/Min. to 22’
9:34 5311 1’ /Min. to 25’
9:34 53# 5”/Min. to 26’
9:34 53# 1’/Min. to 26½’
9:34 53# 5”/Min. to 28’
9:34 5311 1”/Min. to 29¼ ’
9:44 7411 1 /Sec . to 30¼ ’

• HARDING 3/15/75 9:44 74# 2 /Mm . to 30½ ’
½”/Min. to 31½’
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- what less than ~0 psi ( the  b e a r i ng  a r e a  of the p late  be ing

- I C e  sq C~1re ta u t ) .
t i n i - p lat e b e a r i n g  t e s t  was  run  in conjun c t ion  w i t h  the  s inking

sp h e r e  t e s t s  d u r i ng  w h i c h  a to ta l  of Zt . Ii p o u n d s  was  s up p o r t e d

- i s  t h e  1 2- i nc h  s q u a re  p la te  w i thou t  si gn i f ic an t  s e t t l emen t  past  a

dep th of .~1 . 7 fee t  in h opp e r  ~~o. 3 on the  HAR DII”~G. A s s i i n i n e

r O l e  we i g ht r e d u c t i o n  due to b u o y a n cy ,  t he  ac tua l  e s t im a t e d

b e a r i ng  capac i ty  in t h i s  t e s t  was a bou t  ~ 5 psf . Th i s  va lue  ag r ee s

w e l l  w i t h  t he  a s su m p t ions  made fo r  the  p en e t r a t i o n  t e s t s  a b ov e

and also a g r e e s  f a i r l y s~ eli wi th  r e s u l t s  ob t a i n e d  d u r i n g  the s i n k i n g

sp h e r e  t e s t s  to  be d i s c us s e d  below .

S nk ing  Sp h e r e  T e s t s  - T h e  s inking sp h e r e  t e s t s  Were p er i r~ r O u ~-U

using a lead  sp h e r e  w h i c h  was l ow e i - c- d on a l ine  into the d r e d ged

t : ~a t e r i ai . For the  p u rp o s e  of r e l a t ing  the  r e su l t s to b e a r i n g

capa cit ies , th~ f o l l o w i ng  as s u mp t i o n . - w e r e  made:  1) the  v~ ei ght of

th~ sph e r e  mi nu s the wei g ht of the d i sp laced  mud  equaled 1 . 5 p o u n d s ;

~~~) 
the surfac e area of the bottom hemisphere sc-as a s s um e d  as the

involved b e a r i n g  a r ea , The dep ths below w a t e r  at which  tL -  sp h e r e

f i r s t  came to res t  ranged f r o m  about 16 . 5 to 27 . 5 fee t . Tvp i~~a1

r u n  r e s u l t s  a r e  shown in F i g u r e  3-33 . These  dep ths  ‘sere
comp arab le  to the  dep ths at which r e s i s t a n c e du r i n g  the p la te

penetration tests was encoun te r ed .  When the  sp h e r e  came to r e s t ,

the force needed to support it could then be considered a bearing

c ap a c i t y ,  which  equa led  about  34 p sf  ( the wei g ht of 1. 5 pound s

d iv ided  b y the  a rea  of the  hemisp h e r e  of 0 . 0 4 4  squa re  f 2 c t ) .  As in

the  p late bea r ing  t e s t s , the  va lue  h e r e  also r ep r e s e n t s  an u l t i m a t e

bea r ing  cap ac i ty  j u s t  on the  v e rg e  of f a i l u r e . It a g a i n  f i t s  in v- el i

w i t h  data fr o m  t h e  p e n e t r a t i o n  t e s t s . Also when  one c o n s i d e r s  the

u l t ima te  h e a r i ng  cap aci ty  to be equal to rough l y f iv e  t i m e s  the

shear  s t r e ngt h , an accep ted ru le  of t h u m b  in soil mechan ic  ~~, t h e

-/5 to 35 pst  fi g u r e  fo r  b e a r i n g  c a p a c i t y  f i t s  v e r y  s c - e l i  w i t h  d t t a

• r e c o r d e d  d u r i ng  t h e  f i e l d  s a n e  shear  t e s t s aboa rd  t h e  HARDING.
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An i n t e r e s t i n g  phenomena was  noted on some r u n s  u s i n g  the  s i n k i ng

sp he re .  Fi g u r e s  3-34 show the v a r i a t i o n  in the  dep th in t h e  hopper

at w h i c h  the  sp h e r e  was s up p o r t ed . In Tes t  1 l a r g e  v a r i a t i o n s  in
— 

- this surface loca t ion  w e r e  o b s e r v e d  as  the  v e s s e l  m a n e u v e red .
A t u r n  to port caused the sphere depth to decrease on the starboard

s ide  and i n c r e a s e  on t h e  por t  s ide , i n d i c a t i n g  tha t  t he  f lu id  was

shif t ing as the v e s s e l  heeled . V a r i a t i o n s  as g r e a t  as 14 i n c h e s

w e r e  o b s e r v e d  on t u r n s . The re  seems to a l so  he a t r e n d  I C c - c -  a r d

the  sp he re  cu r Li ng  to e q u i l i b r i u m  at a d e ep e r  depth  in the  hopper

each t i m e  a m a n e u v e r  t a k e s  place , s u g g e s t i n g  tha t  se t t l i ng  i s

t ak ing  p lace as a r e s u l t  of the m a n eu v e r .  S w i r l s  w e r e  e v i d e n t  on

the  s u r f a c e  of the  h op pe r s  d u r i n g  the  m a n e u v e r s  w h i c h  s u gg e st s

that pocket s of wa ter may be i n t e r s p e r s e d  t h r o u g hout  the  hopp e r ,

creating large void spaces that surface as the load shi fts. If t h i s

h ypothes i s  is  c o r r e c t , it may be p o s s i b l e  to r e l i e v e  t he se  p o c k e t s

b y m a n e u v e r i n g  the vesse l , t hus  i n c r e a s i n g  the s t o r ag e  v o l um e

(if overflow is a l lowed)  and i n c r e a s i ng  t h e  a v e r a g e  p e r c e n t  so l ids

in the lower pa r t s  of the  h op p e r s .  Such m a n e u v e r s  would aid in

maximizing the total load , but mi ght not necessaril y ach i eve  t h e

most economic loading.

F i g u r e  3-35 show s the r e s u l t s  of a special  run  in w h i c h  the d red ge

was filled in the convent ional  manner  and then , r a the r  than

t r a n s i t i n g  to the durnps i te , it  hove - to  for  15 m i n u t e s  and t h e n

t r ans i t ed  to the dump s i te .  The shape of the  c u r v e  w h i l e  h o v e - t o

for  15 m i n u t e s  is q u i t e  s imilar  to the  shape of c u r v e s  f o r  o t h e r

runs in which the dred ge proceeded immediately to the dump site .

This sugges t s  that the behavior  of the sp h e r e , and the  m a t e r i a l

support ing it , is the same whether  t r a n s i t i n g  or  not . Thu s ,

v i b r a t i o n s  do not appear  to s i g n i f i c a n t ly  a f f e c t  the h e a r i n g  s t r en g t h

‘-a 
of the m a t e r i a l  at the dep th i n d i c a t ed  d u r i ng  the  15 m i n u t e  t i m e

i n t e r v a l ,  Set t l ing of t he  m a t e r i a l  is  onc e aga in  e v i d e n t  as t h e

dred ge t u r n e d  and m a n e u v e r e d .
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Dispersed Non-Dispersed Grain Size - Figures 3-36 and 3-37

present the results of dispersed and non-dispersed hydrometer

tests performed on selected samples from both dredges. No

marked differenc e resulted in the two tests on a HARDING grab

sample (Figur e 3-37) but the material from BOSTON grab sample
(Fi gure  3-36) coagulated during the non-dispersed hydrometer

test  and quickl y settled out. The amount of fines in the same

sample recorded during the regular ASTM dispersed test was
60 PerCent  f iner  than 0 . 0 0 5  mm. Only 7 percent finer than these

sizes were  recorded in the non-dispersed test demonstrating the

obvious ef fec ts  of the dispersing agent.

D. Transport  Phase

1. General

After filling of a barge or hopper dredge is comp leted , the dump
vessel moves immediately to the disposal site. In San Francisco
Bay dredging, this may involv e a short transit  (15 minutes), as

f rom Mare Island Straits to Carquinez Straits , a longer transit
(2 hours)  as from Mare Island to the Alcatraz site , or in the case
of polluted sediment s, an extended run offshore to the 100 fathom
line.

The int ent of thi s phase of the stud y was to examine the effects ,
due to transport  on the dred ged material, which might alter the
dispersion when dumped . These effects include compaction and
consolidation during transit and may be the result  of static or
dynamic operations. By static is meant effects that would take

place solely because of time in the hoppers. Dynamic effects
are those due to vessel motions and vibrations. Sinc e consolidation
normally involves a long time frame , little consolidation was

expected. However , thixotrop ic effects over a short time frame

-: coul d possibly  alter the dispersion phenomena.

• 
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a

The approach used was to conduct field measurement s on the
hopper dred ge HARDING, and then laboratory simulations of both
the static and dynamic conditions for the range of ph ysical
character is t ics  observed in the field.  Dred ged mater ials w ere a
silty material from Pinole Shoal and a clay-like material from
Mare Island Straits. Measurement s of oxygen demand and
moisture content were reported under the dredging phase section.

In thi s section , vibrations and their effect  on the dred ged material
are discussed .

2 . Vibration Measurements on the HAR DING

Measurements

It has been observed in the past that dred ged material character-
istics seem to change during transit  to the dump site. Measure-
ments were made to describe the vibration environment on the
HARDING, so that a series of controlled laboratory experiment s
could be conducted to measur e the significance of thi s effect , if
any.

Harmonic motions were  recorded for the forward section of the
hopper with a verticall y mounted adjustable probe at depths of
5 feet 4 inches , 12 feet 6 inches , 17 feet , 17 feet 6 inches , and
25 feet below the fluid surface level of a full hopper. Vibrat ion
measurements of the hopper s t ructure adja cent to the probe were
also recorded . Data were  recorded during filling, t ransi t ing and
dumping.

Measurements of the harmonic motion of the water and sediment
within the forward section of the No. 3 hopper were made by
positioning a special probe (see Appendix D) containing three
piezoelectric veloci ty  t ransdu cers  and three linear acce le romete rs
in the fluid at several depths. Measurements were  also made of
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•1
the vibrations on the hopper side adjacent to the probe using three
additional velocity t ransducers . Figure 3-38 shows a diagram of
the instrumentation system used .

Vibration measurements were made with Bell and Howell Type 4-
155-001 piezoelectric velocity t ransducers.  Within the probe the
velocity t ransducers  were mounted to record vertical , t ransverse,
and fore and aft harmonic motion. Three velocit y pickups for
measuring the hopper side vertical , t ransverse, and fore  and aft
vibrations w e r e  assembled as a movable triad having a magnetic
base for attaching to the hopper s tructure.

The three accelerometers  mounted within the probe for measuring
ve rt ical , t r ansve r se , and fore  and aft accelerations were Setra
Systems Model 117 Hi gh Output Linear Units . These units were
desi gned for vert ical  mounting face-up.  Sinc e in no case were
these static conditions met , the stead y state signal (g load) was of
such magnitude that only low gain could be used . These low gains
general ly produced too low a recorded signal to be observed.

The conditioning boxes contained the power supplies for the tran s-
ducer s and in addition the vibration box provided filtering of the
vibration transducer output . Transducer output signals passed
through the conditioning boxes to a switch box and then to a Neff
Type 123 wideband , differential DC Amp lifier desi gned for high
accuracy amplification of low level signals. The amp lifier package
consisted of ei ght individual amp lif iers ;  two spares and one for
each of six data channels . The solid state amplififiers have
step-gain settings ranging from 10 to 1000. Output from each
amp lif ier  was recorded on a six channel Brush Mark 260 Ink-type
Oscillograp h . The Brush Mark 260 Recorder also has four even..
c hannels.  One of these was used to record  accurate 5 cps timing

I
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marks on the data record. The signals were  generated by an
oscillator within the vibration conditioning box . Two additional
event channel s recorded the starboard side propeller shaft and
pump shaft rpm values . The propeller shaft rpm signals were
generated by a magnet mounted on the shaft passing close to a
proximity device once per revolution.

Discussion of Results
The results  of the vibration measurements on the Hopper Dred ge
Chester  Harding are summarized in Table 3-13 for t ransverse
and fo re  and aft motions of the probe and the hopper structur e
adjac ent to the probe.  The probe and hopper side values were
determined f rom data t race  amp litudes using the vibration pickup
sensitivities and the ampl i f ie r - recorder  settings. Typical data
records  are shown in Figures 3-39 and 3-40.

The velocities measured and li sted in Table 3- 13 for the sediment
and water of the hc’pper are  low . Figure 3-4 1, showing vibration
percep tion le4 . e l s  versus  frequency,  is included here as a base for
comp arL4on wLth the measured results. The perception level
between 6 and 50 cps ranges from 0.0018 to 0.0036 inches per
second. Measured transverse vibration levels in the fluid range
from approximately 0 .014 to 0 .034 or roughly a factor of 5 to 10
hi gher than the percep tion level . The fore and aft vibrat ions range
from 0 . 024 to 0. 05 inches per second and are up to 15 times
hig her than the percep tion level. Measured vibration level s on
the hopper structures adjacent to the probe were equal to or less
than 0. 056 inches per second for t ransverse  motion and 0. 0135
for fore  and aft motion. Much higher resonance values were
recorded when the probe was not damped by submergence in the
sediment during filling and dump ing .

I
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It is apparent from Table 3-13 that the frequencies and amp litudes

measured varied extensively during the test period . Some of the

highest vibrations were experienced during the period that the

pumps were  r unning (dredging) and during maneuvers while

transiting.

Frequencies observed ranged from slightly under one hertz to

158 hertz but those which appeared to be mo st prevalent were  in

the 15 to 30 hertz range. In all case~s, however , the amplitu des

were low.

The velocities from Table 3- 13 can be converted to disp lacement

values by the following relationship: -

- velocitydisplacement = 2 w f

where f is the frequency in hertz

Tabl e 3-14 shows the displacement amplitudes calculated f rom

Table 3-13 for the case of the hopper s full and measurements

being made on the walls and in the dred ged material.

The levels in the sediment are lower than on the walls , indicating

that there is a coupling loss and probably attenuation of the vibrations

in the sediment. The fore and aft di splacement in the sediment at

25 feet , for the data shown, does not follow thi s pattern but , in

• general, the levels in the dredged material are lower. For any

of the data in Table 3- 13, the vibrations are of extremely low

amplitude.

3. Laboratory Simulation of Vessel Vibrations

General
A detailed laboratory simulation program was conducted to investigate
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TABLE 3-14

Hopper Dred ge Vibration Di splacement Ampl~~udes
(in inches x lO

_ 6 )

Depth In Transverse  Fore and Aft
Hopper Wall sediment Wall Sediment

12 . 5 190 110 87 70
25 150 76 37 86

4’)

p
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the effects , if any, of vibration on the dred ged material in barges

and hopper dred ges while transiting to the dump site. Frequencies

and amplitudes were selected based upon measurements made on

the HARDING. Three frequencies  and amplitudes were selected:

± 
2 .5 inches at 0. 2 hertz

± 
0.001 inches at 25 her tz

± 
0. 001 inches at 60 hertz

If an effect were  to be observed , it was felt that this would occur

in the low frequency reg ion , representing vessel  motions in a

seaway. For thi s reason , the 0. 2 hertz frequenc y was selected

and the test run at the maximum disp lacement that the MTS machine

could provide. As shown in Table 3-14, disp lacement amplitudes

experienced on the HAR DING were  on the order of 0 .00001 inches .
The level selected for 25 and 60 hertz was an order of magnitude

larger than observed on the HARDING.

4 

The laboratory program consisted of th ree  parts :

sediment index and classification

- thixotrop ic effects

. sample vibrations

These are discussed in tne following sections.

Sediment Index and Classification

A complete index and classification test program was carr ied out

on samples from all bulk barrel samples. The test s consisted of

water cont ent and dry density determinations, Atterberg Limit s

and grain size determinations. Figure 3-42 present s the results
of the Liquid Limit and Plastic Limit tests which are re fe r red  to
as Atterberg Limits. The tests are carr ied out in accordance with
ASTM D-423-66 (Reapproved 1972) Standard Metho d of Test for
Liquid Limit of Soils ’ 4 and ASTM D-424-59 (Reapproved 1971)

3-87
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“ Standard Method of Test for Plastic Limit and Plasticity Index

of Soils” . The resul ts  of the Atterberg Limit tests are  plotted as

Plasticity Index vs Liquid Limit (Fi gure 3-42)  in order  to determine
the soil classification in accordanc e with the Unified Soil Classif i-
cation System ( re fe r  to ASTM D-2487 -69 for a descri ptio n of the

Unified Classification System). All barrel  samp les t ested w e r e

classified as silty or highl y plastic clays. -

Figures 3-43 through 3-46 present  result s of standard h ydrometer
analyses on barrel  samples . Information f rom the grain s ite
analyses is also used to help classif y soils in accordanc e with  the
Unifified Classification System. Table 3- 15 presents  all index
and classification data on the barrel  samp les , including the
Unified Soil Classification for each samp le. The note in Table 3- 15
regarding time of samp le storage before testing is meant to d i rect
attention to the fact that the considerable length of s torage without
disturbance may have had som e ef f ect on th e wate r cont ent and

dry density of the materials before they wer e tested , due t o
sedimentation and possibl y some consolidation . It may also have had
a considerable effect on in situ shear strength , as this material is
known to be highly susceptible to thixotrop hy (ASTM D-653).

Figures 3-47 through 3-50 present the results of laboratory vane
shear tests performed at three dep ths in each barre l  after about
four weeks of undisturbed storage. The shear strength values
obtained were generally higher than those recorded in the f ield.
They were  distinctly measurable even though the in situ water
content of all barrel  samples was well in excess of the liquid
limit of the respective materials; in fact , it w as close r to twice

• the liquid limit in most cases. Sinc e the soils at a water  content
above the liquid limit are expected to behave as a fluid with zero
shear strength , only a thixotropic strength gain during the four week
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TABLE 3- 15

Ph ys i ca l  P roper t i es  and Class i f ica t ion  of Barre l  Samples

BARREL LL P1 CLASSIF. % > 200 CLAY WC DO
% SIZES ( P C F )

S i l t  1 53 27 CH 69 36 77 55
S i lt 2 54 27 CH 89 45 101 45
S ilt 3 44 16 ML 56 27 83 51
Silt 4 39 13 ML 57 24 111 42
Sil t 5 45 18 CL 66 30 84 52
S ilt 6 47 21 CL 81 30 76 54

Clay 1 78 4 1 MH 98 60 170 36
Clay 2 76 45 CH 99 54 123 39
Cla y 3 77 44 CH 99 51 122 39

Clay 4 76 45 CH 98 60 129 37

Clay 5 85 53 CH 99 62 135 36

Cla y 6 76 42 CH 99 52 127 38

NOTE : All barrels had been stored for a period
of approximately 4 weeks before being
trans ported to WCC . They were then stored
for an additional 4 weeks before any testing
on the silts and clays was done .
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storage can account for the results obtained . However , the
etfects of such a strength gain can be readily eliminated with any

sort of agitat ion.

A summary of water  content and dry density data is presented in

Figure  3-51 . All the measured water content s of the 50 cc syr inge

samples f rom t he dred ges , the barrel samples , and the diver

samples were plotted against the respective calculated d r y

densities. The data were  found to be consistent enoug h to jus t i f y
draw ing avera ge curves , which could then be used to find an

approximate dry  density for a give n water content or vice versa .
The curve marked “Average for Barrel  Samples” was in fact used

to obtain the dry densities r eported in Appendix A for the “BU ”
core samples for which no sample volume had been available.

Thixotropic Effects

Since the materials involved in thi s study are known to be hig hly

susceptible to thixotropy, laboratory shear vane tests were

performed on the silts and clays in order to determine whether thi s

strength gain could occur within the time period of a 60-mile haul

distanc e, at 9 knots. Figures 3-52 through 3-55 present  the results

of these tests. Shear strength was plotted against elapsed time

between tests and the series was carried to 24 hours which greatly

exceeds the time of the simulated haul of 7 hours.  No strength

gain was noted in either silt or clay samples , indicating that any

thixotropic effect was negligible within a 24-hour time period . The

only differenc e noted was the uniformity of the results of the clay

slurry (Tests A and B) which simulated the hopper dred ge

conditions , as opposed to the more scattered results of the clay

and silt dumped at random (Tests D and C) which simulated the

clamshell dred ge operation.
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Figure 3-52. LABORATORY VANE SHEAR TESTS FOR THIXOTROPIC EFFECTS
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“CLAY” SLURRY TEST B
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Figure 3-53. LABORATORY VANE SHEAR TESTS FOR TH IXOTROPIC EFFECTS
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“CLAY” DUMPED AT I~AND0M , TEST C
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o~~~~~~~~~~~~~~~~~~~ 0 1 5 2O 25 
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ELASPED TIME (HOURS)

*R DJNG BY DIFFERENT OPERATOR

F igure 3-54. LABORATORY VANE SHEAR TESTS FOR THIXOTROPIC EFFECTS
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Figure 3-55. LABORATORY VANE SHEAR TESTS FOR THIXOTROPIC EFFECTS
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Vibrations

The purpose of the MTS program was to simulate in the l abora to ry
the behavior of dred ged material during t ransi t  f rom the dred ge
site to the disposal site. In order to d is t inguish  between time
eff ects and vibration effec t s , two separate set s of samp les were
prepared for  each test in two-foot hi gh , clear plastic cylinders.
One was vibrated for the assigned seven-hour period , while the
other was allowed to sit undis turbed for  the same time period .

Figur e 3-56 show s a typical cylinder with the laboratory shear
vane installed on top . It also shows a closeup of the vane shear
pulley system . Torque measurements  were  made by the addition
of small wei ghts to a t ray  suspended from the pulley system.

The water content of each test was standardized to the liquid limit
of the materials.  One set of tests was run at the liquid limit ,
which was 47 percent moisture for the silt and 78 percent moi sture
for the clay. The other set s were  run at water content s eq ual to
2 times , 5 times , and 8 t imes the liquid limit.

The MTS program is summarized in Table 3-16 . A total of 18 tes ts
were  run , 9 on silt s and 9 on clays . For each test at the given
f requency  and water content , three samples w e r e  re cove r ed f rom

the two -foot high test  cylinders (both static and dyna mic)  b e f o r e

each test (0 hours , Samples A , B, C) and after each test (7 hours ,

Samples D, E, F). In each case the samp les were recovered with a
vacuum device f rom near the top, the middle , and th e bott om of

each cylinder.  The samples were  placed in a graduated cylinder

to obtain an accu r ate volume and w e r e  wei ghed to obtain the wet
wei ght . The samples w e r e  drawn throug h a Buechner  funnel to
collect all suspended solids and then oven dried , and the dry
wei ght recorded.  The filter paper used was Whatman No . 1 Paper .
The final mois ture  contents were  then calculated based on wet

3- 107 
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TABLE 3-16 - MTS Program Test Resu l t s

- , I ~~~ 31, TYPL 955 1 ITuDE IN IT IAL TIME OF FI NAL DRY U l ’ T I T Y
1’: OF AND #A TER L O N I i S l  SAMPLING WATE R C0N1,NT (SUSPENDE D SOLIDS ) REMARKS

- C a :  l ’ U L R  SOIL 1I1I I I I I I  3 1 3  I WF!C,IIT OF (HRs) - )  (PCI)

_______________ — __________ 
SO L I D S )  — 

STATIC MIS STATIC _________________

- I - A t~~i ’ A l I t  .5 ’ At 0 54 .5 74 ,0 34 . 7 f / _ I  N~ ap parent
- - ,T~ L iqu id  - -  sed imentat ion

I IIIlf 0.. 52 H i t  
i ~~~ Y~~ £ 9.2  during tes ts

s-i- ; I ; t t l -  7-1 - 52, t f - .3  £6 .6
/ 53.1 53.3 63.0 67 .7

‘ t A l l , ’ 73 . 4 53 , 4 66 . 3 6-7 . 4
-: f _ 1 

I B o t t y - ~ I 5 2 5  55 . 0  1 7 • Q 67 ,1 
______________ —

7r 7 S i l t  001’ At 0 58,0 54.8 11 ,5 67 .3~~~~No appa re nt
I ‘-‘ - Il l  t,t L i q u i d  55 7 If 7 (6 3 ~ 

sed,r’ ,entat ,or i
I • 1 3 25 H : L 1 ’ i t  ‘ - • - during tes ts

5-7- 1 2 : t t e~- I 
56.5 58.2 ~.6•i ~ T •3

7 55.6 55 ,6 f~~• 4 06. :
-‘ i He 5 5 7  I f ~~ f 7 • 4 (5 •~

- 1,
1 

~ I7 ’ t C I ’  56.3 Y ,3  £ t .

S - i - A  S i l ~ ÷ 2 .5~ At 2x 0 95 .6 0 6 . 1 4 5 . 0  i C .~ -n apparent
• i- ‘-it At Liquid 05 2 ~f- 6 

• 
4 1 5 I I I  Sn d in  ro t a t i on

- 0 2  Hz Limit  - - - - - - dur ini i  t c - t t s
5 - 3 - C  • - - t -  - 95,7 ~(.6 3 •( 41.3

S -3 - J  7 98.2 04 .3 45.1 4 1 1

S’ i~ i “ 1Al e 97.2 94 .3 .11 . 7 17 .

S— 3-F r ’ ’ - : - - -  
— __________ _____________ ____________ 

99 ,3 1’S .7 1 C r  4 5 , 9  
______________ — 

S i l t  + 001, At 2x 0 11 - 7 55 ,5 45.2 7 .2 No atI ,r€ - r t
S - 4 - ~ ‘7 i ’i l e ~~At L i q u i d  98.9 9 1 2  16 -1 - :1 ,0
S-4-C I i o t ~ om 96 .2 97 . 4 4 7 . 7 - 1 6 . 7
S-4-D lop 7 I~ 1 .E 99.0 45.7 45.

5 -4-~~~~~’-’i4j’,~ 100,3 93,2 . 5 7  05

A s-- i -F 7ot’~- -n 171.0 103.5 46.4 4 6 1

S-S-A lop Silt + 2S ’ At 8x 0 353.5 361, 3 15 ,9 17 ,6 ~10/1 i lt
-5-B M Iddle O.~

t
Hz 

Liqu id IA - 356,1 if 3 16.1 ~

u 5-C ~C l tO i1  3sC- .A 324,5 l5.~ 17.3 top after tests

S- 5-D ~co 7 drS. O 475, 4 12,5 12. 3

— S-S-C O’i ddle 357 .9 333 ,8 15 .1 16,8
S-S-F B c t t o m  

— ________ ___________ __________ 
110.8 1”?. ? 4 . _ p 

- °4 .8 
— - -

S-f Top Silt + ,001” At 8-’ 0 365 .8 I 3 3 .3  15,5 :1 . 4

7 -6 - 3 ~id -I 1z At Li quid 
3€7 9 0 - 4 6 -  16. -i - 

1 4  • i n t e r - a c e

S-6-C Botto’i 379,0 3 1-: -: 15,0 I 15 _ i top after tests

S-6-D lop 7 4 1,7 .1 491 . 3 I 12 . 11 , 7

S-6—E M iddle 363 li 3f7 I . 3  15.3 15 . 4

S-6-F  i iot t cH 
— ____ ______ _ _ _ _ _  

9 9 •  ~~7 ,3 4 5 .  4 3 . 0  
_ _ _ _ _ _

S- 7-A Top Si l t  + 2.5 At 5x 0 i•44 • 9 14 3 .1 21 .5 21 . 3 ~~9/Sil t

S-7-B M idd l e At Liquid 
203 .1 250,6 22.0 21.5 from

S—7-C ~ott9•,~ 253 .3 248,9 21,4 21.5 top a fll tests

r 
5-7-1 , T1~ 7 263.0 278.5 20,6 19 .5

Middle 27n ,A 275 ,8 19.5 19,7
S - 7 - F  1,ttori 

_______ __________ 
219,3 230.4 23,9 23.0 

_____________

5 P 7 .  Too Silt I .031” At 5~ 0 260.9 259.0 21,1 21.3 H - C / l i l t
5-8-B “‘ ‘‘In 

I 

25
3
~ z 260.3 258 ,8 2 1.3 2 1.5 I 

~ in cP~t s  fro m
5-8-C - L1 ’ t r —  262.0 258,5 21, 1 21,5 top a f te r  t e s t s
5-8-0 T r~ 7 266 4 278.3 21 .1 20.3
S - i l - i  5’ - l Ie  262,1 263.4 21 , 4 20.8
S-8-F Botto-i 

__________ _____________ ____________ 
226.4 242.0 23.7 23.0 

________________

S- 17-A Top T i l t  • • -~lIi” At ?x  0 109.2 112,2 4 2 . 7 42 .3 No apparent

S—1 7-8 “i lC i’- 
~~ ~~~~~~~ 109.1 113.2 43,2 01.6

5— 17—C ~~t i  , P i k i n g  11 1. 1 11 2 , 4 41.4 47 ,5
1— 17-0 Top 

: 
ta ble) 7 103,3 102,6 44.9 44.5

-: 4-1 7-E ~ - ‘ 0 ”  11 4 .0 109.3 42.8 43,0
- -17-F I- t’ i06.2 113 .5 44.5 47.8

~lhe surface of solids was considered as top 3 109
of c~ ” -ri e before and a t i , - , - sedimentation .
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TABLE 3-16 (cont. )

- I L ( - I ’ l - S  ~‘~~‘ I A MI ‘ - C I  I N I T I A L  T IN E 01 F I N A L  D R Y D E N S I T Y
- 

I :s - -F I vt: WATER CONTENT SAMPL ING WAT E R CONTENT (SUSPENDED SOLIDS) REMARKS
- II 1’ . - ii. ~~~~ 

1.- I f ’ ~i~~ (o. WEIGHT OF (HRS ( I-i l ( PCI )
I SOLID S) - — 

~fl’fT~ MIS ~T ATT C 
________________

* 2 5” At 0 ((- .3 82, 8 49 ,1 49 , 0 No apparentI 
0 . 2 ’ s  

Liqu id 
51 .7 81.5 50.0 50.8

‘ ‘o r 87 .0  81. 3 4a , j  50 . 1
i f l  ‘ , I 7 87 .4 s3 ,5  50. 13 50. 4

c - a - i ” -~ - . - 87.1 113,3 51 . 4 50.7

C- I-F t , , t i.,II,, 
- 85 .1 84 .4 50.6 50.8

4-13-A ‘C lay
1 

* C L I” At 0 913.3 92.2 48.5 48.7 No apparent

C- :1- 8 “ 131 , A t  Liquid 88.0 92. 8 50.1 48 .0 sed iment : t ion

C-1J - C  Bott 1l- I ‘ 87.5 90.6 51 , 4 4 9 .1

C- I l l - C  “T 7 89.0 92 .7 49.1 49.2

92.0 ,15, 9 49.0 50.4

C- ,1-F Httri~ —______ ___________  
91.6 88.5 49.4 57 3

c-i l -A lop Clay 4 2.5 At 2x 0 134 .1 133 .6 35.2 34•6 Nc. apparent

C - I l - B  “ilAll e  
0.2 Hz 

Liqu id 
142.7 142. 5 35.4 359 Sed irnent :tion

C-i l -C I :t t o~- - 
- 

1 42 .1 141 . 2 35.9 35.2

C- 1I - 0 Top 7 171 .3  141 . 7 31.8 33.2

C-1,-E Middle 
- 

174 .1 I 140.0 ? 7 28.9

-________  
1 7i • P - 5 1  30.4 24.1 

_____________

C- I2- A Top Clay + .001” At 2x 0 158 .7 11~’ , 1 30.9 31.2 Sr apparent

C-12-B Middle At Liquid 156. -I 
I 

157 .5 31.9 31.5

C—1 2—C Cl itQ, 157 .~ - 15 8.3  31.9 - 3 1 . 6
C- 12-D Toi- 1 lfr 4 1,1,~ 29.8 30.9
1-12-F M i l dl y 1 162 .2 :1 r .2 30.7 3(1 6
7-1 2-F 6oct09 

_______ __________ 
j 169.5 4~~ f ? . f 

- 
29.5 30.7

C- 13-A Top Clay + 2.5” At 8x 0 43. Y 11i . I 12.8 12 .3 H ,,i./Clay
At ii uid , I -

5-13-B M I d d l e  
0,2 Hz Limit 445,4 435 .1 13.0 13. 4 

I 
7~ i nct es f ’-o-

L—13-C 7ottom 353,4 4 14 , ’ ‘ 16.3 12 . 7 ts r  after MTS

C-I3 .D 7 - 445 2 531 . 3 12.8 10.9 
~~~ce~

°
~r~~ to p

C-1 3 E “iddl e 309.5 344.1 1 7 7  15.0 after Static test
1 1 - 1 3 - 6  Bottom 

________ ________ 
11 7 .3 138.0 4 4  31,5 4~

C- I 4- 11 Thp Clay + .001” At 5* 0 723.0 7 2 0 . 6 8.4 8.4 H 20/Cl ay
3-1 4- 11 , Middle 25 Hz 

Liquid 727 .3 711 .2 6.2 8.5 interface

732.4 735.5 8.2 8.3 top after tests
1-14-2 °op 

I 
4 7  17 . 4 11 . 9

0-1 4-I • M idd le 3~4 351 2 14 .3 14 fr

C- 14-F Bott~i’- 350 • 7 337 .5 16 . 9  16.7

C-IS-A Top Clay ÷ 2.5 At Sn 0 387.6 372.8 14 .4 
- 

lA . 8 n 7fl/ Cl ay
C- i S - B  ? ‘d d ’ y At Liquid 381 .3 398 . 0 14 .7 14 .2 

I i n ,
I Bottom 387.9 394 .9 14 .4 14 .1 trr afte r te sts

6-15-0 T~~’ 7 412 9 406,0 13. ? 13. 1’

7 -15-F ‘-“dd le 385.8 409.9 14 ,8 13 . 7

C- IS-F Bottom 
— _________ _____________ _____________ 

369.8 381.6 15.5 14 ,6 -

C- IA - A Top Clay + .001 At Sn 0 383 .2 382,7 14 ,6 l~ .4 H20/Cla y
C-i6-B Middle At Liquid 374 .9 378,8 14 ,9 14 .8 interf ace 

from
389,5 382.3 14 .4 14 ,6 top after tests

Top 7 379.3 421 . 3 14 ,7 13,2

c- :1-I ‘i d ,Il e 374 ,1 389,1 14 .7 14 .2
S-IS - f i~.tto 341.5 368.0 16.3 15 .1

j 5 - A  Thp C l a y  4 .001” At 2x 0 166.5 165. 3 31 .4 32.0 No apparent

7- IA - P M id d le 173 .3 169.2 29.4 30,6

(Shak ing 170.0 163,3 31.7 33.8

~ 
~ top table) 7 176.9 173,0 28.5 20 . 4

C- lIt “ Idle 168.4 156 . 7 30.2 31.5

~~~ 1F,-F - ‘‘~ r’ 164 .9 158.0 30.3 31.3 
_________—

- ‘ - , -  “ of solids was considered as top
oa ~ lr lof i , r*  an d  a fte r  sed imentat ion.  
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wei ght and sample volume ; the dry  de n si t ies w e r e  ca lculat ed

b y dividing the wet densit y by:  1 + PCM/ 100.  Appendix A
li sts  addi t ional bac k g round .

The MTS p rogram resu l t s indicate that only time had a measurable
eff ect on th e dred ged mater ia l  and then only at the hi gher water
co ntents . Changes in f req uenc y and amp litude did not seem to

make an y d i f f e rence  in the behavior of the material . In fact , none

of the v ibra t ions  t r ied  had any apparent e f fec t . The resul ts  of the
st at ic and dynamic t e s t s  a re  p rac t ica lly identical , cons ider ing  the
order  of accu r ac y of the sampling technique and the sample
preparat ion . Only in a few cases was there  noted a ve ry  slig ht
tendenc y for  mo re mater ia ls  to stay in suspension dur ing  the
d ynamic test as opposed to the static test.  Figure  3-57 show s
the e f fec t  at 5 t imes the liquid limit .

General ly it can be concluded that no measurable  t ime and

vibra t ion  ef fec t s  were  noted during the test s of both sil ts  and clays
at either the liquid limit or at twice the l iquid limit . The tests
at 5 times and 8 times the li quid limit produced some measurable

effects .  During the tests at 5 time s the liquid limit (Tests 7 , 8,

15 and 16) some sedimentation occurred and a water /solids  inter-

face about 1 -1/2  inches below the original top of sample was

established. As a result the bottom samples experienced a

decrease  in water content of about 40 percent moisture with an

accompanyin g increase in dry density ranging f rom 2 to 4 pc f.

The sedimentation during the tes ts  at 8 t imes the liquid limit was
mor e pr onounced . The wa te r/ so l ids  in te r face  after  the tes ts  were
established at 8 - 1/ 2  inches below the ori ginal sur f ace f or t he

silts (Tes t s  5 and 6) and at 7 - 1 / 2  to 9 inche s below the original
surface  for the clays (Tes t s  13 and 14). Figures 3-S8 throug h 3-61
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5 x LL a f t e r  7 h r s  s ta t ic  ~c MT S
hi ).~h amp l i t u d e  - 0. 2 Hz
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present  the results of eig ht t imes the liquid limit (8 x LL) tests

g r a phicall y. The water  content of top, middle and bottom samp les
are  p lotted agains t depth within the cylinder for both dynamic

and sta t i c  tes ts .

The fi gu r e s  show no apparent d i f fe rence  in the physical properties
of the samples between the dynamic and static test results.
}‘ i g u ra s  3-58 and 3_ 5 9  show that as the silt settled to the bottom
of t he cy l in d e r s , the water  content increased at the top and
( 1e( ’ re aSed at the 1)Ottoni , thu s creat ing a water content gradient ,
and c o r r e spo n d ing  de n sity grad i ent , wi th  dep th . For the clay
the result  is similar althoug h not as pronounced . During Test 13
(Fi gure  3-60)  the ini t ia l  and final p r oper t i es  followed the trend
of t he silt  samples . The initial \* ater content turned out to be
w e ll below that assi gned for  B ~ LL of clay but was very close to

~ x LL of silt . Th e s e r i e s  of samples behaved like the silt , and
it is possible  t hat du e to some inconsis t ency in the sample
prepara t ion  a silt pocket may ioiave existed in t he mixing
container , which was i nadvertently sampled for  Test 13 . The
initia l values of water content in Test 14 (Fi g u r e  3-6 1) are in the
range which was assi gned for 8 x LL for  clays . Here the trend
of the water  content and density gradient  is repeated but to a
lesser  de g ree , indicating that the clay par t ic les  tend to stay in
suspension longer than silt particles.
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E. Disposal Phase

1. Gen e r al Di scus s ion

Open water  disposal  of San F ranc i sco  Bay d r e d ged mate r ia l  is

acco mp l is h ed us ing  bo ttom dump ing hopper d red g es and bottom

dumping ba rges .  Typ ica l disposal sites are  in Carqu inez  Straits ,

near Alca t raz  Island , the San Francisco Bay,  and o f f s h ore at

the  100 fa thom l ine .

This  phase of the stud y cons is ted  of a r e v iew  of d i s p e r s i o n

cons ide ra t ions  and l abo ra to ry  simulations of the disposal  ope ration to

examine the mounding and d ispers ion  of typ ica l dred ged mater ia l s .

These simulation s we r e  Conducte d in a q u a r i u m s  and g la s s - s ided

tank s at depths of 1. 3 feet , 2 feet , 4 f eet , and 9 feet . Drop s

w e r e  made usi ng “ silt” f r o m  Pinole Shoals and “ clay 11 f r o m  Mare

Island Straits . Two disposal container  shapes w e r e  used ,

s imu lating a hopper and a c lamshel l  ba rge , in f r e s h  water  and in

salt . The p r i m a r y  mater ia l  c h a r a c t e r i s t ic  var ied  was  pci -cent

mois tu re .

2 . Dispers ion  Cons ide ra t ions

a. Transpo r t  niec ’lanisrri s.

Dredged material  may cons i s t  of any subs tances  which exist in

t he sediments  at the bottom of w a t e r w a y s .  The major  components

wi ll be so l id inor ganic pa r t i c l es ra ng ing in s ize f r o m  molecular

dimensions up to la rge  rocks and boulders , an or ganic f raction ,

and wa te r .  Addit ional l y, r e l a t i v ely m inor amount s of pol lu tants

( heavy metal s , pesticides , al gal n ut r i e nts , oi l and g r e a s e , etc . )

wi ll be p resen t .

The most important f a c t o r s  in d i spe r s ion  cons idera t ions , and the

subsequent  potential  for erosion and resuspens ion , will be the

size d is t r ibut ion  of the par t ic les  and the bulk density of the dred ged

material .  Size is important  sinc e it a f fec t s  both the part ic le

settling rate and the degree of cohesion among particles.
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Bulk densi ty will determine the rate of descent immediately
following the dump and is a function of the density of individual

particles , the water content , and the proportion of lighter
materials such as organics. Water content and cohesion affect
the behavior of the dumped material during the descent and
collapse phase b y controlling the growth of the clo ud and the
spreading rate during the collapse phase.

Clark , et a l l  81 describe the total transport b y dividing it into
four ’basic transport  phases:

(1) Convective descent
(2)  Collapse
(3) Long term dispersion
(4) Bottom transport  and resuspension

(1)  Convective descent. For thi s discussion dredged materials
are  assumed to be dumped essentially instantaneously as from a
hopper dred ge or a dump barge. Under these conditions the
dumped material will possess an initial downward momentum and
a density greater than that of the surrounding water. These result
in forces  that cause the material to settle in the form of a cloud ,
or density cur ren t , rather than as individual par t ic les .  As the
cloud settles , shear stresses are  developed at the interfac e
between the moving cloud and the ambient water .  These stresses
result in dissipation of the initial momentum and in the creation of
turbulent  eddies that will entrain ambient f luid . In the case of
clouds possessing an initial momentum, at the time of release
vortex rings will form and will tend to cause deeper penetration
of the ambient wa te r .

The convective descent phase with dred ged materials  occurs very
• rapidly. Based on observations at the New Haven , Connecticut
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du mp site Gordon [ 9 ] estimated the convective descent  velocity

for ba rge  dumped material  to be one foot per  second in 60 feet of

wa ter .  Mar i .nc s ilt having a hig h water  content was dumped from

a scow and measurements of clou d velocity were made with a

t ransmissomete r  at known distances f rom the d i scharge  point.

Obse rvat ions , al so b y Gordon I iol , of anot her dump at the New
Haven site again showed very  rap id descent . In thi s case 2300
cubic yar ds of d red ged material contained 66 percent water.  T~~
solid portion was 15 percent sand, 60 percent silt , and 25 percent

c lay. The water dep th at the site was 5 1 feet . It is not known

whether the transmissometer  observation of the passage of the
cloud occuri~d during the convective descent phase or af ter  the
cloud had impacted on the bottom with subsequent  horizontal
transport  across  the bottom. If it could be assumed that the
cloud descended direc tly onto th e t ra n smi s some te r , then the

descent velocity would be 2 . 4 feet per second. If on the other
hand , the t ransmissometer  observat ion was of the spreading cloud
after bottom contact, then the convective descent velocity must

have been even grea ter .  The important point is that dumping
materials in relatively shallow water produces a rap id convective

descent of the material with a vert ical  velocity of at least one foot

per second and poss ibly much g rea te r .  Settling velocit ies
calculated for  individual par tic les do not app ly during this  fo rm of

t ranspor t .  The time during which the cloud is in contact with

the upper portions of the water colum n are  in the order of a
minut e or less so that ambient wat er cu r ren t s , exc ept nea r the

bottom, are of little consequence in dred ged material p lacement ,
except as they affect  the t ransport  of any tu rb id i ty  cloud that may
be generated during the descent .
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(2)  Collapse. The second phase of t ranspor t  occurs  when the

cloud begin s a dynamic ver t ical  collapse charac te r ized  b y

horizontal  spreading.  Collapse is d r iven  pr imari ly  b y a pres sur e

force  and res i s ted  by inert ial  and f r ic t ional  fo rces .

Dynamic collapse will occur when the cloud encounters a boundary,

either a pycnocline or the ocean bottom . In the case of dumping

of dred ged materials it is important that , i f a pycnocline exists ,

the cloud will penetrate  the layer and reach the ocean bottom. An

indication of whether penetration will occur is given by an

expression developed by Sullivan and discussed by Brooks 1 11] .

Based on dimensional analysis and small scale laboratory experi-
ment s Sullivan developed the following equation:

(p
2 - ~~~ 

z
3

A ( p ~~
_ p

i ) V

where  A dimensionless paramete r

p 2 density of lower layer

= densit y of upp er layer

Z dep th f rom release point of interfac e

initial densi ty of heavy fluid injected

V volume of heavy fluid inje cted

The following cr i ter ia  were  determined experimentally:  A > 29
less than 10 percent  of inje cted slug penetrates the lower layer.
A < 1. 5 more than 90 percent of injected slug continues into the

low er Ja.yer.

Brooks cautions against comp lete acceptance of Sullivan’ s cr i ter ia

because the experiments were  conducted at low Reynolds number

• for which the flow was partially laminar.  However , several
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t e n t a t i v e  co t iclusions can be drawn . F i r s t , f o r dred g ed mat eria l s

dumped in shallow water , penet ra ti on of a p yc n ocline is v e r y

likel y. Second , if p rob lems  are to occur , the y wil l p robab ly

happen in deeper water  since the value of .
~~ i nc reases  as the

th i rd  power of the in te r fac e dep th . Thi rd , to maximize the
likelihood of in te rface  penet ra t ion , the volume of material dumped
should be maximized.

R eleases of l a rge  q uanti t ies  of d red ged mater ia l s in shallow

water  will usuall y penetra te  a dens i ty  layer and impact on the

ocean bo tt om. The material  will  either mound or the cloud will

f latten out and appear somewhat like a “ pancake” as it a s s u m e s

a hor izonta l  c i rcu la r  shape (assuming  a flat bottom and no
obs t ruc t ions ) with a small ver t ica l  d imension . Un der  th ese

condition s, flow may occur in the fo rm of a densi ty  or tu rb id i ty

cu r ren t .

While the bottom turb id  cloud is spreading it i s also sett l ing.
Gordo n es t imated that at leas t 80 p erce nt of t h e dump ed mate r ial

was deposited within a rad ius  of 100 feet  and that 90 percen t  was

wit hin a radius  of about 400 feet . Other r e s e a r c h e r s  have also

observed the spread of dred ged mater ials  dur i ng the collapse

phase. Sustar and Ecker { 12] observed four  d i s t ingu i shab le  layers

in the wate r  colu mn fo ll owi ng dred g ed mate r ia l dis po sal f r om a

hopper d redge .  The upper por t ion of the water  column extending
f rom 25 to 35 feet  below the su r f ace  was  unaffec ted  b y the dump ing
operation . This is approximatel y the draf t  of a hopper dred ge.
A turbid  layer existed f r o m  3 to 15 feet  above the bottom . The
depth and sediment concentrat ion in the tu rb id  layer depended on
cur ren t  velocit ies , t ide and sea stat es . Wh en c u r r e nts and sea

st ate inc r eased , the dep th of the layer and concentrat ion of

sediment in the layer increased .  On the bottom was a layer of

I
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f luid sedi ment three  to six inches deep over ly ing a co mpacted

sediment bottom .

T u r b i d i ty or densi t y f lows of sed iment s re leased f r o m  dred ging

ope ra t ions  have of ten  been obse rved . May 1 13 I has rep or ted

on open water disposal  f rom channel and shell d red ging b y
h ydrau lic dred ges . Almo st all the sediment settled v e r y  rap idl y
and was  tr ansported  along th e bott om as a separa t e f loccu la ted

density lay er . The sediment which was not depos i ted  immediate ly
under th e dred g e was t r anspo rt ed in th e densi t y f low . Concent r at ions

of 10 . 000 m g / l  were  found within 400 feet of the d i scharge  point
and concentration levels over 1000 m g/ l  extender’ out at least

1800 feet .

Masch and Espey 114 ] observed the cont inuous  d i s c h a rg e  f rom a
h ydrau lic shell dred ge. The sediments w e r e  c l a s s i f ied  as a
silt y-c lay .  Data obtained f rom bottom funnel t r ap s  compared with
ot hers  at three foot elevation showed that  th e  sediment moved as
a densit y cu r ren t , Sediment concent ra t ions  six inches  f rom the
b ottom were  as hi gh as 150 , 000 m g / l , and as t he distanc e f rom
the dred ge increased  the th ickness  of the layer dec reased  althoug h
the co ncentrat ion remained high . The densi ty  cu r ren t  was well
de f ined  even at distance g r ea t e r  than 15 00 feet , At a distance
60 0 fee t  f ro m the dr ed g e t he densi t y c u r r e n t  had concent r at ions

greater  than 100 , 000 m g / l , w as abou t ei ght inc h es th ick and was

over 1200 feet wide.  While these observat ions , and those of Ma y,
pertain to continuous hydrau lic d red ging in shallow water , ra th er

than instantan eous di sc har ges f rom hopp er d red g es or ba rges , it
is clear tha t unde r ce r tai n co ndit ions d red g ed mater ial s ca n be

t ranspor ted  gr eat dis ta nces i n a dens i t y cu r ren t .

Probably the f i r s t  invest i gato r s to stu d y in detail the movement of
clay suspensions in water  w e r e  Einstein and Krone 1 15 1 who

3- 123

~~~~~~~~~~~~~~~ 
iT_lI 

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



- 
- -~~~~‘-~~~ ‘ - ~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ——

r ~~~~~ r t e d  on Li i  oratory U~J s ervations C o nc er n i ng  cohe siV ~
- s cdi n i cut

1 r t r i - ~p~~r t  of *ii l ’r ~~n e i s u Bay m u d s . The sed imen t s c o n t a i n e d

ii ~ i- c t h an  h a l f  c l a y  w i t h  t he  r em a i n d e r  e s s e n t i a l l y  all less  than

1 -J o i i i i  c l i a i i c t er . l uc c u l a t i on w~~s c o n s i d e r e d  to be one of the

i i~~ st Ifll p u rtali t la i tors in  coh e s i v e  s e d i m e n t  t r a n s p o rt . Nat~I r a l 1 y

u~~’-~~Ir  r i n g  f l o c c u l a t i o n  i s  an u l e c t r o c h er n i c a i  p r oc e s s  a s s o c idt c d

w i t h  c l a y  p a r t i c l e s . In all w a te r s , and p a r t i c u l a r ly in  salt  w a t - r ,

f b i  cu l a t i o n  r e s u l t s  in pa r t i c les  g roup ing toge ther due to i n t e r -

p a r t i c l e  con t ac t s . These  l a r g e r  p a r t i c l e s  then  set t le  f a s t e r  than

v~ ould i nd i v i d u a l  p a r t i c l e s . The impor t an t  c h a r a c t e r i s t ic  of the

p a r t i c l e s  fo r  thi s p henomena  to take p lace  is that the  p a r t ic l e s  n est

he c u r i e s~ve .  Thi s in t u r n  dep e n d s  to a l a r g e  ex t en t  on p a rt i c l e

si,e , ~ it h c l ay  p a r t i c l e s  ( / 0 . 002 mm d i a m e t e r )  ex hibi t ing a l ar 2 e

m ea s u r e  of c o h e s i v e ne s s , s i l ts  (0.  002 mm to 0 . 0 6  m m )  hav ing  soma

c o h e s i v e ne s s , and sand and g r a v e l  ( > 0. Ou mm) p o s s e s s i n g  none .

In a d d i t i o n  to c o h e s i v e n e s s , ot her f a c t o r s  a f f ec t ing  f l o c c u l a t i o n  a re

the t ype and c o n c e n t r a t i o n  of p a r t i c l e s , t h e  n a t u r e  and conc e nt r aL o n

of d i s so lved  sa l t s , or  the level  of mixing ene rg y p resen t . Low

f lo c c u l a t i o n  mix ing  en e r g y  would not p r o d u c e  enoug h i n t e r o a r t i c l e

c o n t a c t s  and too hi g h a level  of mix ing  w o u l d  s h e a r  apa rt  p a r t i c l e s

p r e v i o u s l y  d r i v e n  t oge the r . Among the c o n c lu s i o n s  d r a w n  b y

E ins t e in  and K r o n e  w e r e :

a - When sediment  conc en t ra t ion  exceed ~d abo Ut 10 c n~ / I in salt

w a ter  f l o c c u l a t i o n  o c c u r r e d  rap idl y and d u r i n g  s t t ~ ing an i n t e r f a c e

e~~i~~t o d  be tween  w h a t  w a s  t e r m e d  f lu k d  nluci and r e l a t i v e l y c lear

water above it .

b 1 he c o n c e n t r a t i o n  at wh i c h  t h e  s e t t l i  nt~ f l u i d  mud b e c o m e s  too

~ r e -n  t o  r e a d i ly  all w f low ( t h e  onse t  of co n s o l i d a t i o n )  w a s  1o7 g m / I.

c - F l u i d  m u d s  behav e as Bing harn f l u i d s , tha t  is  t h e y  behave  as

t r u e  l i q u i d s  w h e n  the  shea r  s t r e s s  is a b o v e  a c r i t i c a l  v a l u e  and a s

1 - 1 24
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~~ l i d s  b e l i w that  v a l u e .

d . Fluid  m u d s  can be t r anspo r t ed  b y g rav i t y flow p rov ided  that

t h e  ! ) - ) t t u f l -  s lope is s u f f i c i e n t l y stee p to s ta r t  and ma in ta in  fl0 - - .

Oj ice st a r t e d , a g r a v i t y  f low of f lu id  mud  cou ld  he i i iu in ta i n i€ - d on a

f l a t t e r  slope than tha t  req u i r ed  to get  it s t a r t ed .

e . The  flow of f l u i d  muds  probab l y is not a f fec ted  b y hulk f l u ~
of the  o~~crly ing ~vater.

o . A’. susp ended  sediro c-nt conc e n t r a t i o n s  l e s s  than  300 m g/ l  v e r y

l i t t l e  f lo c c ul a t i o n  w i l l  occu r , but i n c r e a s e s  in n~i x n g  e n e r g y  can

i n c r e a se  fli c c ul a t i o n  even  at thi s low solids concent r a t ion .

Whi t  [ 1’ has  c o n du c ~ ed l a b o r a t o r y  s t u d i e s  in a f lum e  to

i n v e s i i c a t e  th~ m o v e m e n t  of d r e d ge s ed i m e n t s  as a d e n s i t y  c u r r e n t ,

U s i n g  se d i i r en t  s f ro ro  shell  d redging  a r e a s  in Ga lves ton  Bay,

Texa s , c o n t a i n i n g  50 p e r c e n t  cla y wi th  l e s s e r  aiv~~ i n t  of s i l t , sand ,

and o r g a n i c  m a t t e r  he ob s e r v e d  tha t :

a . Both c - i r r e n t s an~ s lop ing  bo t toms  tend  to i n c re a s e  the rrove-

ment  of a f l u i d  mu d , ho ’ t he  e f f e c t  of the  c u r r e n t  i s  mu c h  l e s s  t han

that  of the  s lop ie~ b o l t L - n -  i n-n c a tin g  tha t  ~ rav1t y is t h e  p r e d o m i n a n t

f o r c e  in  t h e  i r o v e n~c~J u~ d e n s i t y  l a y e r s .

b . When  a sha l low d ike  \ \a s  p laced a c r o s s  the f l u m e  ~~i th  an

opening  at one end , the l aye r  f l o w e d  pas t  the dike th roug h the

opening . If the  d ike  w e r e  p laced comp lete l y a c r o s s  the f lume  the

laye r f e l l  back  u n t i l  it i n c r e a s e d  in hei g ht due to the  i n t ro d u c t i o n  of

add i t iona l  m a t e r i a l  and then f lowed  ove r  the dike. Appreciable
d e p u s i t ir i o c c u r r e d  in f r o n t  of the d i k e  wh i l e  the layer ’ s p ro g r e s s

w~~s i mpeded b y the d ike .

c . A s u sp e n d e d  sed imen t  concen t r a t i on  of 2 , 200 mg /I was

r e ( iu i r e d  to in i t ia te  d e n s i t y  layer f low .
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d . Under  f l um e  c o n d i t i o n s  of no f1o~~ and a 1 deg  slope , the mud

f low i n t e r f a c e  f r o n t  was  o b s e r v e d  to m o v e  at a v e l o c i t y  of ~~ 2

l e et  per  mi n u t e .

c . S t rong  c u r r e n t s  ten ( 1 to p r o h i b i t  the  f o r m a t i o n  of d e n s i t y

c u r r e n t s  b y t u r b u l e n t  mix ing  and s\~eep ing the  s ed imen t  away

b e f o r e  t hey  can bu i ld  up to s u f f i c i e n t  c o n c e n t r a t i o n  fo r  l a y e r

d e v e l opm e n t .

As a r e s u l t  of t h e i r  l a b o r a t o r y  and f i e l d  w o r k  (part l y based  on

W h i t e ’ s w o r k )  Masch  and Espey  1 1 4]  conc luded  tha t  fu r  a sediment

l a y e r  to f o r m  sed iment  c o n c e n t r a t i o n s  g r e a t e r  than  10 gn  / 1 a r e

r e q u i r e d  SO that  se t t l ing  of the  l a y e r  is  h i n d e r e d  and the  l aye r  can

r e m a i n  in a f l u id  f o r m , It w a s  es t ima ted  tha t  the  mud l a y e r  mu s t

conta in  more  than 80 p e rc e n t  b y we i g ht of p a r t i c l e s  sn i a l t e r  than

0 . 0 6 2 5  mm (the uppe r  end of the si l t  s i ze  r a n g e )  of v h i c h  abou t

50 p e rc e n t  or m o re  should he in the  c l ay  r a ng e .  E~ en t h o u g h

set t l ing  is h indu red in the mud dens it ’~ U r r nt . c osol idat ion of

the  f l o c c u l a t e d  p a r t i c l e s  t a k e s  p lace and the  l a y e r  g a i n s  s h e a r

s t r e n g t h . Wi th in  a few days  the l a y e r  u s u a l l y has  enoug h s t r e n g t h

to r e s i s t  the  shear  p r o d u c e d  by low m a g n i t u d e  t i d a l  c u r r e n t s and

is no longe r  capable  of be ing  moved excep t b y hi g he r  e n e r g y

c u r r e n t s wh ich  may cause  e r o s i o n  and r e s u sp e n s i o n ,

In s u m m a r y ,  c o h e s i v e  d r e d ged mn a t e r i a l s  wi l l  f low as  a d e n s i t y

c u r r e n t  u n d e r  c o n d i t i o n s  of so l ids  c o n c e n t r a t i o n s  be tween  10 and

170 g m / I , c l ay  con ten t  g r e a t e r  t han  a b o u t  50 p e r c e n t , and the

p r e s e nc e  of a d r i v i ng  f o r c e  due  to a slope or to a h y d r a u l ic  head .

The major  f o r c e  p r o d u c i n g  mot ion is g r a v i t y  r a t h e r  than c u r r e n t s .

(3)  Long t e r m  d i s p e r s i o n .  L o ng -t e r m  d i sp e r s i o n  r e f e r s  to mixing

processes  which  occur af ter  the convective descent and col lapse

phases  have been comp leted , and inc lude  edd y d i f f u s i o n  due  to

r andom c u r r e n t s , mixing b y wind waves , and mixing by c u r r e n t s
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t r ave l ing  essen t ia l l y in one d i r ec t i o n  such as  t idal  c u r r e n t s .  Each

ot these  is a con - ip l ica ted  ph enomena and all may be acting on th e

water  colui iu-i  it  t h e  same t i m e  making  an es t imate  of the f inal

fa te of suspended  d redged  mater i a l s  v e r y  d i f f i c u l t .

At the completio n of the collapse phase suspended solids subject

to dispersion wil l  be of two fundamentally different types . One is

those  solids which  a r e  part  of the densi ty  c u r r e n t  remain ing  in

suspens ion  wi th in  perhap s  a foot of the bot tom. They will  be in

highly conc entrated f o r m  and may possess  some shear s t r eng th  to

re s i s t t ranspor t  by c u r r e nt s , Experiments  by E instein and

Krone { 15 1 and Whi te  [ 16 1 have shown that the upper conc entration

limit on a sediment suspension beyond which  f u r t h e r  densi ty  flow

will not occur is the range of 170 g m / l . These  pa r t ic les  w ill

co ntinu e to sett le , bu t at a slow ra te  due to br id ging of par t ic les

and the difficulty of voiding water trapped among the particles. By

obser vin g sedi ments settl i ng in a labora tor y c y linder Einstein and

Krone estimated that the f luid mud phase lasted only ab out  two hours

in still water  a f te r  which  bulk  flow is no longer  poss ible  and

consolidation is taking place . Concentrat ions of sediments which

can r e s i s t  a g iven  shear  b y f lowing wa te r  a r e  shown in Table 3- 17 .

T A B L E  3-17

Sediment Resis tance to Bulk Flow b y Shear

Average Veloci ty ,  Shear Strength ,, Sediment Conc entration
cm / s e c  dy n e s / c m~ g / l

30 0 .98 17

60 3. 43 59

90 7 , 37 127

120 12 . 6 217

This data indicates that once consolidation has begun , the fluid

mud can continue consolidating at flow velocities higher than those

generally to be encountered.

- 
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The second type of solid s subject to long term dispersion are

those remaining in the water column as a resul t  of the

dlu mnpi n g o p er a t i o n . As the c loud rap idl y set t les  and spreads

a c r o s s  the ocean bottom eddies will  sp in off and c a r r y  solids
out  ot  the  main c loud . The concen t ra t ion  of solids remaining in
the w a t e r  column wi l l  be s u f f i c i e n t ly  low so that the wa te r  will not

have  s u f f i c i e n t  exce s s  dens i t y t o read i ly sink to t he botto m an d

r e j o i n  the  main cloud . Gordon in h is  o b s e r v a t i o n s  at the New Haven

dump si te  [9  1 found that a r e s idua l  dr i f t ing  cloud existed af ter  the
dump . T u r b i d i t y  p r o f i l e s  defined the cloud to be approximately

30 fee t  thick and have a diameter  of about 200 feet . Measurements

of the solids content  of the c loud indica ted  that the total amount of

solids contained in the cloud amounted to about one percent of the

mat er ia l  du mped .

In summary ,  pa r t i c l es  r emain ing  in the dens i ty  cu r r en t  are  not
likel y to be d i spersed  by ambient cu r r en t  and will consolidate at the
point  w h e r e  the densit y c u r r e n t  stop s . Par t ic les  remain ing  in the

water  column af te r  the dump probably r ep r es en t  a v e r y  small

p or t ion  of all ma te r i a l s  dumped and are  likely to he swept out of
the dump site b e f o r e  they  settle to the bottom even if the local

cu r r en t  is qui te small .

b. D i s p e r s i o n  Models

A search of the literature to review model s relat ed to dumpin g of

d r e d ged ma te r i a l s  found v e ry  few such models .  The fol lowing

four models w e r e  ident i f ied  and considered as poss ib ly  having

application to the s h o r t - t e r m  dump ing of dred g ed materi al s in a

relatively shallow ocean environment .

Ed ge-D ysar t  model

B .L . Ed ge and B . C . Dysar t  of Clemson University have developed
a mathemat ica l  model of ba rg ed mater ial d is p e r s i o n  wh ic h is
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co mposed of a combinat ion of j e t  theory  and sedimentat ion [ 17 ~.

In the f i r s t par t , a ne gativel y buo yant jet  d i scha rged  downward

into a s t ra t i f ied  environment  is simulated. The second por t ion

desc ri bes t ra n spor t of mat erial  f ro m t he end of th e jet to the fl oor

of the ocean. The model a s sumes  that was te  mater ia l  is pumped

f ro m a c i r c u lar out let at some dis t anc e be low th e movin g ba rge .

Assumpt ions  made conce rn ing  the jet  flow inc lude :

a. Steady flow

b. Incompress ib le  flow
c . Fully tu rbu len t  je t

d. Long itudinal turbul ent t r anspor t  is less than convect ive
t r a n s p o r t

e. Constant f luid p ro pe rt i e s

A number of f ac to r s  limit the applicabi lit y of t hi s model to b a r g e

and hopper dred ge dumpin g. First , the Ed ge-Dysar t  model does

not d e s c r i b e  short  t ime in terval  dump ing . Second , for  pump-ou t

typ e dump ing another  model ( the Koh-Chang model d i s c u s s e d  l a t er )

was cons idered  to be a be t t e r  r ep resen ta t ion  of that typ e of d i s c h a r g e .

Finall y, the model does not cons ider  dynamic collapse.

MIT model. A t h r e e  d imensional  analyt ical  model  has been

develop ed b y Chr i s todou lou, Leimkuhler , and Ippen at the

Massachuse t t s  Ins t i tu te  of Technology  fo r  the  d i s p e r s i o n  of f i n e

suspended sediments in coastal w a t e r s  [ 18 . The model has been

adapted to computer  solution and has unde rgone  some field ~o rk in

connection with the NOMES pro j ec t . The au thors  have conducted a

number  of tes t  computer  runs  to invest i gate the ef fec t  on model

predict ions of data input s representat ive of conditions in

Massachusett s Bay.

The MIT model is based on long t e rm dif fus ion with considerat ion

given to settling of solids and an ambient velocity field consisting

of both long shore cur ren t  and a tidal component . The sediments
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a re  a s s u m e d  to be in t roduced into the water  at a constant ra te

f rom a un i fo rm ve r t i ca l  line source .  The line source  is considered

to be far enough from the shore that land-sea boundary effects do

not occur .  Water  de pth is assumed to he constant. Since

consideration of individual  dump ing event s is not within the scope

of the model , but ra ther , it is intended to predict  the long t e rm

fate  of a dred ged material  plume such as that result ing f r o m  a

san d mining operation , the model is not app licable to bottom

dump ing .

Koh-Charig Model

An extensive mathematical , compu te r i zed  model [ 19]  has been

developed b y R.C .Y.  Koh and Y. C . Chang which cons iders  the

dis pers ion and settling of barged wastes  disposed of in the ocean .

The model considers  three phases of dispersion , namely convect ive

descent , dynami c collap se of the descending p lume , and long- te rm

di f fus ion .

The model assumes that the cloud of material  will  descend as a

r e su l t  of its initial ve loc i ty  and negative buoyancy.  As it descends ,

it will push the  ambient  water  a round  it , exper ienc e a drag f o r c e ,

and entrain surrounding water .  Solid p ar t i c les  in the cloud will

tend to settle out if the water  is deep enoug h. The con -iect ive

descent phase wi ll cease  ei th er by encounte r wi th th e ocean bottom ,

or by reaching a level at which the ambient water densi ty changes

rap idl y, e f fec t ive l y reducing the negat ive  buoyancy .  Provided that

t he water  is deep enoug h , a horizontal  spreading will resul t  as the

cloud seeks a hydrostat ic  equil ibrium with the ambient water .  Thi s

ef fec t  has been termed the dynamic collapse. Following dynamic

collapse , the plu me wi ll be d ynamically pa ssive and af fec ted  only

b y t u r b u lent dif f us ion , advec tion , and settling out of solid par t ic les .

Long- t e rm di f fus ion considerations start f rom the general  non-steady
state , three dimensional conservation of mass equation. The

I
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d ynamic collapse is the starting point for the long- te rm diffusion .
Details of the mathematics and computer techniques employed to
a r r ive  at solut ions  to t hese  express ions  are  comp lex and have been

documented in the r e f e r ence .

Krishnappan Model
B . B . Krishnappan of the Canadian Center for Inland Wate r s  has
developed a mathematical model 1 20 based upon experiments on the
spreading rates of solid part icles moving in a l iquid medium.

Earlier models , such as the Koh-Chang , assumed that the dredged

material consis ted of a liq uid medium whose densi ty is equal to the
eq uivalent densi ty of the dred ged material .  Krishnappan ’ s
labora tory  experiment s indicate that the behavior of the solid
par t ic le  cloud is v e r y  d i f f e r e n t  f r o m  that of a liquid cloud and the
d i f f e r e n c e  is a func tion  of pa r t i c le  s ize . As the par t ic le  s ize
dec rease s, the d i f f e r e n c e  between the behav io r  of solid and l iquid
par t i c le  cloud s also dec reases, tending to ze ro  in the l imit .

Krishnappar i ’ s l a b o r a t o r y  experiment s showed that when a slug of
u n i f o r m  s i ze  p a r t i c l e s  is re leased in a homogeneous  and s ta t ionary
bod y of water , wi th  v e r o  initial ve loci ty ,  the pa r t i c l e s  moved as a
c loud with  two distinct boundar ies ,  The size of the cl3ud increased
fo r some per iod and then ma intained its s ize,  Similarly,  the
veloci ty decreased  until it reached a cons tant  value  equal to the

set t l ing ve loc i ty  of ind iv idua l  par t ic les.

The f i r s t  par t  of the descent  was  called the initial  phase , where  the
clou d size grew due to entr ainment , and the second was called the
settling phase in which the horizontal cloud size remained re la t ively
constant and the descent veloci ty equalled the fall velocity of the
individual solid particles.

Using l abora to ry  experiments , Kr i s hnapp an es tab lis h ed c o e f f i c i ent s
to define the cloud growth during the initial phase and the settling
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phase.  By superposi t ion he was able to allow for large pa r t ic les

settling out of the cloud while still allowing the remainder of the

cloud to continue the initial phase (entrainment) .  Based on t h is

experi mental approach he was able to develop eq uations to pred ic t

the hor izon ta l  s i ze  of the c loud , the  ve r t i ca l  descent  ve loc i t y ,  and

the heig ht of mounding on the bottcrri. With the equations fo r  a

number of typ ica l cases , he concluded that the settling phase will

only occur for  small dump s or in deep water (thousands of meters ) .

Krishnappan ’ s method is interesting in that it allows large  par t ic les

to fall out vert ically while still allowing the entrainment phase to

go on . It is also appealing for its simplicity,  not requir ing a

computer to per form the calculat ion . A shortcoming of the model is

that it does not provide  for  a dynamic collapse.

$ 
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3 . Lahora t~~ y S i m u l a t i o n  of Bottom Dump ing

a . I n t r o d u c t i o n

The i n t e n t  of the  disposa l  s i m u l a t i o n , as d e s c r i b e d  in t he  o r i g ina l

scope of w o r k , was to p r o v i d e  data that  w o u l d  a l low q u a l i t a t i v e

p r e d i c t i o n s  ( t r e n d s )  of t h e  e f f e c ts  tha t  p h y s i c a l  c h a ng e s  in the

d red ged mat e r ia l  would have on the  d i s p e r s i o n  when dumped  in

open w at e r .

The p~tysical  changes  of i n t e r e s t  in the  d r e d ged m a t e r i a l  w er e

examined  in the d r e d g ing ar i d t r an sport  phases  of t h i s  s tud y.  Th i s

sec t ion  examines  the e f f e c t  of t h e s e  c h a n g e s  on the  d isposa l  phase .

T h e r e  w e r e  two d i s c r e t e  se t s  of d i sposa l  s i m u l a t i o n s  c o n d uc t e d .

The f i r s t  set , c o n d u c t e d  in l a r g e , g l a s s - s i d e d  tank s ( see

F i g u r e  3 - 62 )  i n v e s t i ga ted  t h e  g e n e r a l  e f f e c t s  that  p hys ica l  c h a ng e s

in d r e d ged m a t e r i a l  had on d e s c e n t , impact , botto m m o u n d i n g ,

and bottom f low . The second set was conduc ted  in small aq u a r i u m s

to inves t i gate  the r e l a t io n s h i p be tween  p e r c e n t  m o i s t u r e  (PCM) and

niouliding unde r  the  dump point .

Fi g u r e  3 -63  shows the tes t  m a t r i x  chosen  for  the l a rge  tank s .

The b a s e l i n e  tes t  c o n s i s t e d  of f r e s h  wate r , a hopper  d i sp o s a l

c o n t a i n e r , 4 foot  w a t e r  depth , 200 p e r c e n t  m o i s t u r e  m a t e r i a l  and

10 l i t e r s  volume . All va r i a t i ons  w e r e  a r o u n d  thi s ba se l i ne , and

only one v a r i a b l e  was changed at a t ime (u . g. , base l ine  but vo lume

of I l i t e r ) .  The m a t r i x  was  r epea t ed  fo r  both clay and s i l t ,

The l a r g e  tank d ispo sal  s imulat ion  ut i l ized two sed iments  and
fou r d i f f e r e n t  p e r c e n t  mo i s tu re  conten ts  ap p r o x i m a te l y c o ver i n g
the r a n ge  of values  p roduced  b y the t h r ee  dr c d gL - t ypes . Cla m-
shell  d r u d ges  a r e  r ep r e s e n t e d  b y the  100 pe i- t n t  inoistur,.- t i - s t s ,
h yd raulic  suct ion d r e d ges  by the 500 pe r u t - n t  m is tu  r e  t - -- t s ,

and! hoppe r d r e d g e s  by the inte rmcd ia te  v a l u e s . L a b o r a t o r y
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re leases w e r e  made from containers s imulating the hoppe r dred ge
and the split-hull barge in a two-d imens iona l  c ross - sec t ion
as shown in Figu r es 3-64 and 3-65. Sediment volumes released

w e r e  o f 1, 5 , and 10 l i ters .  Water depths of 2 , 4 , and 9 feet were

used and a compatible ( i .  e . ,  clay bottom for clay dro p s) sed iment

bottom rece ived  the re leases  for  the 2 and 4 foot drops.  Salinities

of zero and 30 p ar ts  per thousand w e r e  used for the water  types .
Super 8 movies , sup plemented with 35 mm slides and black and

white photos recorded the events . Samp lin g (P et r i )  dis h es w e r e

ins erted f lush with the bottom to collect set t led mater ial  and water

samp les of the plume w e r e  collected at th ree  depths to de t e rmine

the concentrat ion of suspended solids in the t u rb id  cloud moving

across the bottom. Further details on sampling techni ques are

g iven at appropria te  points in this chapter .

Our field test resu l t s  indicated that there  was a s ignif icant  gradient
in percent  mois tu re  in the hopp ers  of the HARDING. Early tests  of
the disposal simulation indicated that the mounding only occur red
when the percent  mois ture  was lower than some value thus
disper sio n wa s anticipated to be dif ferent  for  material f r o m  the
bottom of the hopper than for the top . A two-layer test in a

9 foo t deep test  tank was conducted as part of the large tank tes ts ,
to examine th e ef f ect of percent  mois ture  gradient  in the haul
vessel on dispe r sion . Thi s test used a pe r ce nt mois t ure  of

100 for the bottom half of the material and 400 for  the upper half .

There was evidenc e from our earlier tests that n-iounding does

not occur abov e some percent mois ture .  A set of t ests w e r e

conducted in 28 gallon aq uar iums to establish the relationship
between pe rcent mois ture  and n’o~nding of the material on the
bottom . Fo r the two ma t er ia l s of int e re s t , t es ts  wer e co nduc t ed

using f ive  d i f f e r en t  percent  moistur e mixtures  at values near the
l iqu id  l imi t s  for the ma te r i a l s .
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The following sections d e s c r i b e  the results obtained in the l a rge

tank simulations (descent , impact , and bottom flow ) and the small

aqua r iums  (niounding as a funct ion of pe rcen t  mois t,  e)

b . Scaling Cons ide ra t i ons

B e f o r e  the s imulat ion tes t  data can be p r o p e r l y  evaluated it is

important  to c o n s i d e r  the  bas is  for  extrapolat ion of r edu ced

scale o b s e r v a t i o n s  to p red ic t ions  of behav io r  in the  ful l  s ize .

In genera l , p h ys ica l  phenomena can be modelled and p r e d ic t i o n s

made f r o m  r e d u c e d  scale o b s e r v a t i o n s , p rov ided  that  all

c o r re s p o n d i n g  f o r c e s  a f fec t ing  the phenomena can be scaled at

the same ra t io . When thi s condi t ion is met the model l ing

rela t ionship is cal led a “d ynamical s imi l i tude. ”

For dump ing e f f e c t s  p resen t ly  under stud y, the f o r c e s  a f f ec t i ng

the phenomena of i n t e r e s t  a re  p r i m a r i l y i ne r t i a  f o r c e s  (cloud

mass ) ,  g r a v i t y  f o r c e s  (cloud’ s negat ive  buoyancy)  and f r i c t i o n

f o r c e s  ( s k i n  f r i c t i o n  of cloud and of ind iv idua l  p a r t i c l e s ) .

U n f o r t u n a t e l y ,  it is imp oss ib le  to des ign  a prac t ica l  model l ing

re la t ionsh ip w h e r e  the rat io s between all t h r ee  of these  f o rc e s

will be constant  (d ynamical  s imi l i tude).  It can be shown that ,

whe re  scaling is based on equivalent  Froude  n u m b e r s  for  both

full  and scaled condit ions , t h e r e  wi l l  be a constant  ra t io  be tween

grav i ty  and ine r t i a  f o rc e s  [21]. However , in order  to p r e s e r v e  a

constant  ra t io  be tween  f r ic t iona l  and i n e r t i a  f o r c e s , it is

n e c e s s a r y  to scale on the bas is  of Reynolds  n u m b e r . These

scaling r a t io s  a r e  de f ined  as :

2
F roude  number

VLReynolds  number  =

-
~
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where  V is veloci t y
L is length

g is acce le ra t ion  due to g r av i t y

p is densi t y

and ~i. is v i s cos i t y

From these rat ios  it can be seen that scal ing to achieve equ iva len t

Froud e number  and , at the same time , equivalent  Reynolds

number , would req ui re  either scaling g rav i ty  as well  as length
and veloci t y, or conduct ing tes ts  in a medium other  than water

in o rde r  to scale dens i ty  or v i s cos i t y.  These a l t e rna t ives  a re

c lear l y impr ac t ica l.

The re  is , howeve r , a reasonable  basis  for making some p r e d ic t i o n s

th roug h scaled models sinc e , for mo st of the phenomena under

stud y, it is pr obabl y reasonable  to assume that f r ic t ional  f o r c e s

a re  re la t ive ly  minor  as compared  to g r a v i t y  and i ne rt i a  f o r c e s .
If thi s is the case a scaling based on Froude  n u m b e r  will p r e s e r ve

su f f i c i en t  d ynamical  s imi l i tude  to make r e a s o n a b l e  p r e d i c t i o n s  of

dump behavior .

Throug h a compar i son  of tes t  r e s u l t s  t h i s  has been shown to be

the case in the descent  p hase  of d u m p ing  fo r  the  range  of m a t e r i a l s

under  cons ide ra t ion  (this will be d i s cus sed  f u r t h e r  in the fol lowing

sec t ion) .  It also appears  to be va l id  fo r  much  of the  bot tom flow

p hase .  Thus , it  a p p e a r s  va l id  to e x t r ap o l at e  many of the  tes t

r e s u l ts  to fu l l  S u e  p r e d i c t i o n s  on the  b a s i s  of F r o u d e  n u m b e r .

Al thoug h p r e d i c t i o n  of p r e c i s e  q u a n t i t a t i v e  e f f e c t s  is  not a lways

p o s s i b l e  f rom t h e s e  tes t  r u n s , g e n e r a l l y ,  e f f e c t s  o b s e r v e d  in

the t e s t s  wi l l  c o r r e sp o n d  to fu l l  scale p henomena .

It sho uld be p o in t ed  out , how ever , that  d ynam ical s i m i l i t u de  is no
l o n g e r  m a i n t a i n ed  when  f r i c t i o n a l  f o r c e s  become s ig n i f i c a n t  as
compared i  td )  g r a v i t y and i n e r t i a  f o r c e s .  Thi s roay he t h e  c a - e ,
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fo r  examp le , w h e r e  a d e s c e n d i n g  cloud is s u f f i c i ~~nt 1y s lowed b y

e n t r a i n m e n t  d u r i n g  descent  so that the  c loud appr aches  n e u t r a l

b u o y a n c y ;  or , for  examp le , when flow of ma te r i a l  along the

bot tom is si g n i f i c a n t l y slowed b y loss of m o m e n t u m .

F u r t h e r m o r e, it should be noted that in the r e d u c e d  scale  t e s t s ,

the q u a n t i t i e s  that  have been scaled a re  g r o s s  dump c h a r a c t e ri s t i c s

(si7e and volume)  while the micro c h a r ac t e r i s t i c s  (p a r t i c l e  s i -f e

and d e n s i t y ) have not been scaled . Thus , scal ing r e l a t i o n s h i ps

app ly only when the dumped mater ial  acts  as a cloud or slug and

ind iv idua l  p a r t i c l e  behavior  is i n s i gn if i can t . W h e r e  the  o b s e r v e d

phenomena resul t  f r o m  individual p ar t i c le  behavior , for  examp le ,

in long t e rm  d i f f u s i o n  of dump ed mate r i a l , scal ing r e l a t i onsh ip s

will  be en t i re l y d i f f e r e n t . When ind iv idua l  par tic le  behavior  is

the p redominan t  e f f ec t , for  example , in sett l ing of suspended

mate r i a l , scaling r e l a t i onsh i ps no longer  app ly sinc e the  ma te r i a l

is  ac t ing  in the ful l  scal e (par t ic le  s ize and wei ght a r e  u n s c al e d ) .

c , La rge  Tank Simulat ions

In th is  sec t ion  the e f f e c t s  o b s e r v e d  in the l a rge  tanks , at dep ths  of

2 , 4 , and 9 fee t , wi ll be p r e sen t ed . The f i r s t  sect ion p r e s e nt s  a

qua l i t a t ive  d e sc r i p tion of the p henon i ena  o b s e r v e d  d u r i n g  these

t e s t s .  The r e m a i n i n g  sec t ions  re la te  the dump  c h a r a c t e r i s t i c

v a r i a b l e s  that  a r e  u n d er  stud y to t h e s e  ph enomena  and  pr e se n t

q u a n t i t a t i v e  eva lua t i ons  of the o b s e rv e d  e f f e c t s .

( 1 )  General  D e s c r i pt ion

The m a t e r i a l  dump s o b s e r v e d  in thi s phase  of t he  p r o g r a n -  could

be d e s c r i b e d  as f o l l o w i n g  t h r e e  d i s t i nc t  p ha s e s :

de scen t phase

col lapse  phase

bottom f low p h ase
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The descent  phase beg ins w i t h  the r e lease  of the dumped mater ia l
and extends to the point when the descending cloud f i r s t  contacts
the  bot tom . This  phase is c h a r a c t e r i z e d  b y acceler4 ion /
dece l er a t i on  of the descending cloud and by ent ra inment  of

ambient  f lu id  into the  cloud ,

The collapse phase  beg ins when the cloud contacts the bottom

and end s when the major part  of the cloud has lost i ts downward
momentum. The col lapse phase is c h a r a c t e r i z e d  b y a d i s s i pation
of the v e r t i c a l  momentum of cloud par t ic les  or a r ed i r ec t i on  of
that momentum into a hor izon ta l  flow of the cloud material .

The bottom flow beg ins at the terminat ion of the collapse phase .
During this phase , the dumped material may , under certain
conditions , flow as a f luid mud across the tank bottom . The
cha rac t e r is t i c s  of each of these  t ypical dump phases  will be
d i scus sed  in g rea t e r  detail below .

Descent Phase — Fi gure  3-66 shows the typ ical fo rm of descent
p ro f i l e s  obse rved  in the large tank tes ts ,  Thi s f ig u r e  show s
posi t ion of the cloud (dep th below the s u r f a c e )  as a funct ion  of
t ime since re lease.  T ypicall y, three  stages can be obse rved  in
t he descen t  phase . In the f i r s t  (acce le ra t ion)  the cloud s t a r ts

f r o m  ze ro  ve loc i ty  and accelera tes  towards  an equ i l ib r ium descent
velocity.

As descent ve locity increases, drag on the cloud , which is propo r-
tional to the velocity squared , also increases unti l the point where
it approaches the negative buoyancy of the cloud. At that point the
negative buoyancy f o r c e  (downward)  is near l y matched b y the d r a g
force  (upward)  and the cloud continues fallin g at a fixed velocity
(equilibrium velocity).  The cloud would continue falling at the equi-
l ibrium velocity until bottom impact if there  was no entrainment.
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Fi gure  3-66.  T yp ical Descen t  P ro f i l e
fo r  Dumped  Mater ia l
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During descent , howeve r , du e to r elative mot ion in the ambient

fluid, the cloud is entraining ambient f luid through its leading

ed ge. This entrainment  causes  the cloud to grow so that the

area of its leading edge expand s, increas ing the drag fo rce  on

the cloud. Sinc e the negative buoyancy remains constant , this

increased drag causes a net decelerating force on the cloud during

the final stage of its descent.  In addition , conservation of

momentum causes a reduction in descent velocity as the cloud expand s

by entrainment so that the final descent stage is characterized by a

dec eleration related to the entrainment rate.  Entrainment rate

is related to the descent velocity of the cloud and the face area of

the cloud. An entrainment coefficient ( - ‘ ) is defined by the

following relationship [11

E 2 7r b2 oV
where E is entrainment (volume per unit time)

b i s cloud r adi u s

V is cloud velocity

In general , a should be dependent on the propert ies  of the material

cloud and the ambient fluid and the turbulence structure within

the cloud . For given dumping and material  conditions , a should

be essentially constant. The value of a has been estimated for

the lab simulation dumps f rom the movie data by the following

equa t ion :

E

2 -tr b V

where E change in cloud volume per unit tim e

4 2 2
- ;  

( . ‘r (b 2 r 2 
- b 1 r 1) / (t 2 - t 1)
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V velocity of cloud = (d 2 - d 1) / (t 2 - t 1)

wIth b and r the horizontal  and vertical cloud radii  respect ively

d = the cloud dep th

t time since start of the drop

and th e subsc r ipts r e f e r  to values at the start  and end of a
small time increment .

In most cases the value of c~ was fou nd to be r elative ly constant

during a single test  dump , however , in some cases abrupt changes
were  noted in the entrainment coefficient s during descent . These
appeared to be essentially random effec ts  related , perhaps , to

changes in cloud shape and configurat ion .

It should be noted that although the descent profi le  desc r ibed  above

was typ ica l , there were  variations f rom test to test. In general ,
th e acceleration sta g e was short with the cloud attaining equilibrium

velocity very shortly af ter  release.  In some cases , particularly

with clay material of relatively hig h pe rce nt mois tu re , the ini t ia l
stage was actually a deceleration with the material apparentl y
reaching a velocity hi gher than eq uil ibr ium velocity even before

it cleared the hopper.  Once clear , th e cloud experie nced a dra g
that decelerated the material towards  equi l ibr ium velocity.  In
these cases a plot of the descent profile has a decreasingly

negative slop e in the f i r s t  stage. For the case of low per cent

mois ture  silts , on the other hand , the initial accelerat ion was
usuall y v e r y  hig h with the cloud reaching equi l ibr ium velocit ’~
almost immediately on release from the hopper. In these cases

plots of the descent  prof i le  had no clear accelerat ion pha se and

appeared to start out at equi l ibr ium velocity.

In a number of cases the last descent sta ge (dece lera t io n) was not
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apparent  and the cloud appeared to drop at equi l ibr ium velocity

until the bottom was  encountered . In general , this  occur red  when

the material dumped was of low percent  mois ture  and entrainment

was minimal . Another effect  f requen t ly  noted was that in many

cases the dump could not be charac ter ized  as a sing le cloud but

ins tead descended as a ser ies  of overlapping or separate clouds .

Collapse Phase — The collapse phase is essentially a t ransi t ion

phase where the downward momentum of the descending cloud is

ar res ted  and partially redi rec ted  into a horizontal spreading of

the cloud. This phase be gins with the f i r s t  contact of the cloud on
the bottom and ends when the vertical momentum is essentially

diss ipated. It initiates the horizontal  flow of waste material  along
the bottom ,

During collapse vert ical  motion is suppressed by the bottom and
some f rac t ion  of the momentum is lo st as material is deposited
on contact while the r emaining momentum is redirected into
horizontal  and vert ical  flow of the more fluid material .  Generally,
the hig her the percent moistur e of the waste  cloud the grea ter  the
fract ion of momentum that is d i rec ted  to horizontal  flow while
for low mois ture  content dump s most of the momentum is lost
on impac t . Some measure  of thi s d is t r ibut ion  of the collapse
energy h as been made b y comparing the impact velocity to the
initia l veloci ty of th e bo t to m f low generated b y the impact .

Bottom Flow — Bottom flow is in i t ia ted  by the  col lapse  phase  when

the a r r e s t e d  ve r t i c a l  momentum of the was te  cloud is r e d i r e c t e d

into a h o r i z o n t a l  flow . When thi s o c c u r s , a h o r i z o n t a l  cloud may

deve lop  and sp read  rap idl y along the bo t tom . The development

of the  hor izon ta l  cloud is also dep enden t  upon the or i g inal

concen t ra t ion  of the w a s t e  mater ia l  and the en t r a inmen t  d u r i ng

desce nt , A t r u e  f lu id  mud flow will occur  onl y f o r  sed iment
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concent ra t ions g rea te r  than about 10 g m / l  but less than about

170 gm / l  [2~~.

A f lu id  mud flow can be d r i v e n  by a) i ts  own initial momentum ,
b) t he dens i ty  d i f f e r e nce bet w een th e ~ loud and t h e ambi ent wa te r ,
and c) g rav i t y, when the bottom is not level . Th e r e s i st ing f o r c e s
to the  mud flow include  dra g f o r c e s  due to th e sk in f r i c t i o n  and

f o r m  drag  of the  advancing cloud as well as f r ic tional  drag  on the
bo t tom.  Where  the drag fo rces  a re  su f f ic ien t l y large the
dece lera t ion  of the advancing mud flow can be obse rved  and
m e a s u r e d  f r o m  the lab s imula t ion  t e s t s .  Bottom flow veloci ty
p r o f i l e s  showing the  ve loc i ty  of the fac e of the advanci ng ho r i zon t a l

c loud as a func t ion  of d is tance f rom the point of impact typ ical l y
show an exponential , dece le ra t ion.

(2)  Discuss ion of Observed Effec ts

In th i s  sect ion the quan t i t a t ive  e f f e c t s  o b s e r v e d  in the l a rge  tank

test  du mp s wil l be p r e s ented . The dump size , depth of dump, and

the percent  mois ture  of the dump mater ia l  appear to have the most
s igni f icant  e f fec t  on the disposal phase.  The method of d i scha rge
(barge  or hopper confi gura t ion)  and the ambient  water (salt  water
or f r e s h  wa te r )  appear to have little or no influenc e on dump
charac te r i s t i cs  for the mater ials  and test conditions ut i l ized in
thi s stud y.

Dep th and s ize  of dump are , in fact , va r iab l es that are re lated

th roug h sca ling since a small dump volume dropped in shallow
water shows similar charac te r i s t i cs  to a l a rger  volume dropped
in a g r e a t e r  depth . Thus , onc e the scaling re la t ionsh ips are

est ab lish ed , there  is some equivalence in the e f fec t s  observed
f r o m  tes ts  that v a ry  dump volume while  holding de pt h cons tant

and those that vary  dep th of dump while holding volume constant .
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The va r i ab l e  that appeared to have the  most  si g n i f i c a n t  i n f l u e n c e

on the disposal p hase was the m o i s t u r e  content  of the dumped

material (p resen ted  he re  as pe rcen t  m o i s t u r e ) .  At m o i s t u r e

content s below a ce r t a in  cr i t ica l  value the mater ials  behaved

essent ial ly as one or more solid pieces fa lling to the bottom wi th

l i t t le  c hange of shape or d i spers ion  of material .  At m o i s t u r e

contents  above another  somewhat hi g her cr i t ica l  value , the

ma te r i a l s  be haved essent ia l l y as f luid c louds wit h cons t ant

entra inment  charac t e r i s t i c s .  Between these cr i t ica l  values was

a t rans i t ion  range  where  the dumped mater ia ls  appeared to undergo

changes in ent ra inment cha rac t e r i s t i c s  dur ing descent . The

t r ans i t i on ra ng e i tself w as a f unc t ion of mate r ia l  ( d i ff e r s  fo r  clay

and s i l t )  and t es t r e s u lt s su gg est that it is re lated to s ize and

dep th of dump in a fa i r ly  simp le way.

In the following sections , the results obtained will be related to

specifi c tests  and Table 3- 18 presents  a summary of the charac-

te ris tics of each test. Quantitative data were  obtained f rom meas-

uremen ts made on still photographs at known times afte r release.

Ef fec t s  of Discharge  Metho d and Water  Type

The e f f e c t s  of method of d i scharge  ( s imula ted  barge  or hopper)  on

du mp cha rac t e r i s t i c s  were  observed b y compar ison  of t e st s  10 and

15 for  clay dumps and tes t s  9 and 16 for  silt dumps . In each case

the mater ia l  dropped was  10 l i t e r s  in vo lume  and was  about

190 PCM (percen t  m o i s t u r e ) .  The d r op s  w e r e  in f o u r - f o o t  w a t e r

dep th .

The descen t  pr o f i l e  and the cloud’ s h o r i z o n t a l  d i a m e t e r , as a

func t i on  of t ime  a f t e r  r e l ease , are  shown i n  Fi g u r e  3-67 fo r  both

d i s c h a r g e  m e t h o d s , w i t h  c lay m a t e r i a l , F rom thi s fi g u r e  it can

be seen that bot h the descent  p ro f i l e  and the  cloud d i ame te r  a r e

s imi lar  in f o r m  and shap e i n d ic a t i ng  l i t t l e  e f f e c t  on d e s c e n t

c h a r a c t e r i s t i c s  b y the r e lease  method used .
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[he descent p r o f i l e  shows  a lmos t  i den t i c a l  d e sc e n t  v e l o c i t i e s  at

all dep t h s  ex cep t  i m m e d i a t e ly af t e r  d i s c h a r g e  w h e r e  the  b ar g e

r e l e a s e  a p p e a r e d  to ex p er i e n c e  a sli g h t l y  s lower  in i t i a l  a c c e ler a t i o n .

‘ I h i s  i n i t ia l  ‘c l o c ity  dLf ~ e rc 1cc is p robab l y ca u~’ed b y the  di lfe  r c i :  t-

in i n t t c  r i 5L l e lev a t i o n s  abu ~ i -  the w a te r  surfa ce p r i o r  to i’ & l~. ase.

Th~ clout !  d i am et e r  pt - u f i l~~s appear  v e r y  s i m i l ar  in shap e but

d i f f e r  b y as much  as about -~0 p e r c e n t  at some points  in d escent  -

the d i s c h a r g e  f r o m  the b a r g e  p r o d u c i n g  a sl ig h t ly  smaller  c loud .

Thi s s u g g e s t s  that  the  a lmost  ins tan taneous  dump p roduced  b y the

s imula ted  hopper c r e a t e s  a hi gher v e l oc i t y  ea r l y in the descent , w i t h

i n c r e a s e d  e n t r a i n m e n t,thus  a l a r g e r  cloud d i a m e t e r,  Once the

descent  ve loc i t i e s  be come  the same (p ara l le l  l ines in the descent

p r o f i l e )  the  cloud d i a m e t e rs  appear to behav e the same.  Thus  the

d i f f e r e n c e  in descent  c h a r a c t e r i s t ic s  seems to be genera ted  d u r i n g

the p er i o d  in the descen t  at which the descen t  ve loc i t i e s  are

d i f f e r e n t  and t h i s  is most  pr o b a b l y  a small e ff ec t .

For the case of silt m a t e r i a l  t e s t s  9 and lu w e r e  available for

comp ar ison of e f f e c t s  of di s cha rge  method , but due to a camera

ma l func t i on  d u r i n g  tes t  l( , data on d e s c e n t  and cloud d i a m e ter

p r o f i l e s  could not be g e n e r a t e d . On the bas i s  of i n f o r m a t i o n

shown in the Table 3 -19 ,  however , t he re  appears to be little

si g n if i c a n t  d i f f e r e n c e  in dump ing c h a r ac t e r i s t i c s  by d i s c h a r g e

method for  silt or clay.  It sho uld be noted that fo r  both silt anti

c lay t h e r e  a re  no appreciable d i f f e r e n c e s  by disch a r g e  m ethod in

a v e r a g e  descen t  ve loc i ty ,  en t r a inmen t  c o e f f ic i e n t  or ave rage

botto m flow veloci ty .

For evaluation of ef f e c t s  of the type of wa te r  ( f r e s h  or salt) in

‘ which  the dump occu r r ed , the fol lowing s imulat ion dump ing t e s t s

w e r e  available:
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t e s t s  3 and 20 for  c lay  of low m o i s t u r e  Cont ent  ( a L o u t  100 PCM)
t ests 5 and 2~ fo r clay of hi g h m o i s t u re  content  (about  500 PCM)
tes ts  11 and 19 for s i l t  of low m o i s tu r e  content  (about 100 PCM)

tes ts  13 and 2 1 for  silt of hi gh mois ture  content (about  400 PCM)

In each case the mater ia l  dropped was 10 l i t e rs  in volume and it

was dro pped in 4-foot  wate r depth.

In Fi gu res  3-68 , 3-69 , and 3- 70 , t h e descent p rof i le and th e

cloud ’ s hor i zon tal diameter are  p lotted as a funct ion of “t ime
si nce re lease” for each of t hese  compar isons  except the case of
low mois tu re  content clay. In that case a camera  malfunct ion
caused loss of data so that the descent pro f i l e  for  tes t  3 could  not

be g enerat ed . Table 3-?0 p re sen t s  the re levant  dump s ta t i s t ic s
for all four  compar i sons .

From these fi gu res  it can be seen that for hi gh percent  moisture
in both clay and silt , the descent  profi le and cloud s i z e  prof i le  do
not d i f fe r signi ficantly be tween salt and f r e s h  wa te r  (Figures  3 -uS
and 3-70).  For the cla y dump the salt water  drop show s a
somewhat hig her  a v e r a ge descent than the f r e s h  wate r d rop  but

th is may be due to measurement  and test var iabi l i ty  and without

fur ther rep lication of tests the d i f ference  cannot be cons idered
significant.

For the low mois tu re  cont ent comparison (F igu re  3-69)  it is
in teres t ing  to note that , at l east fo r si lt , th e descent p r ofi l e is

co n s ide rab l y steeper in salt water  than in f r e s h . The average
descent velocity calculated for runs 3 and 20 (see Table 3-20)
indica t e th at t he same is not t rue , ho w e v e r , f or clay drop p ed in

f r es h and sa lt wa t er . Aga in th ere  i s insuf f i c i en t rep licat ion
to ve r i f y t he t rend  here  but the d i f f e r ence  appears  g rea te r  than
measurement  and test  va r i a t ions , sugges t ing  that for  the low PCM
silt material  used in these tests  descent  veloc it ies are hi gher in
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salt w a te r , Thi s !l~ay be due to a g rea t e r  c o h e s i v e n e s s  of the

m a t e r i a l  in a salt wa t e r  envi ronment  thus  r e d u c in g  f o r m  d r ag  of

the  descending  volume by holding i ts  shape and c o mp a c t n e s s . In

suppor t  of th i s  h ypothes is  is the o b s e r v a t i o n  that the  cloud d iamete r

r em a i n s  cons tan t  dur ing  descen t  and e n t r a i n me n t  is n e g l ig i b l e .

F u r t h e r m o re , the bottom deposit f r o m  the f r e s h  wa te r  drop  was

in 5 d i s t i n c t  mound s wh i l e  that of the salt wa te r  d rop  was a s ing le  4

mound ind ica t ing  that  l e s s  break  up of the ma te r i al( and  hence less
I nc re a se i n  fo r m  and f r i c t i o n a l  d r ag )  oc cu r r e d  in the salt wa te r  drop .

~\ i th ou t  f u r t he r  rep l ica t ion  it is not obv ious  whe the r  the  g r e a t e r
b r e a k up  and hence slower descen t  in the  f r e s h  wa te r  dump was  a

c hance occurenc e or a real  d i f fe renc e . It sugges ts  the possibility
that  r e la t ive ly  solid m a t e r i a l  is b e t t e r  able to ma in t a in  i t s  f o rm

and shape du r ing  descent  in salt wa t e r .

In summary,  the tes t  r e s ul t s  show l i t t le  ev idence  of an e f f ec t  on

d u mp i ng  c h ar a c ter i s t i c s  due  to the  method of re leas  ( b a rg e  or

hopper ) .  The resu l t s  also show li t t le effect  due to the ambient
water  (salt  or f r e sh )  exc ep t possibl y a grea ter  cohes iveness  for
low mois tu re  content sil t  d rops  in salt water  than in f r e s h  wa te r ,

Sinc e the d i f f e r e n ce s  o b s e r v e d  in these  t e s t s  a r e  not l a rge , data

can he combined fr o m  these  t e s t s  fo r  examinat ion of the more

p r o n o u nc e d  e f f e c t s  of m o i s t u r e  content  on the dump .

Ef fec t  of Size and Depth of Dump

The e f f ec t  of dump s ize  was inves t i gated by compar i son  of

t e s t s  10 , 12 and 14 for  clay dump s and t e s t s  9, 18 and 17 fo r  silt

dump s . In each of these  drops  the water  depth was 4 fee t  and the

m o i s t u r e  content  of the  mater ial  was about 90 percent  mois ture .
The dump volume was  var ied  f r o m  one to ten l i t r e s .  Fi g u r e s  3-7 1

and 3-72 show the descent  phase for  clay and silt drops for
3 d i f f e r e n t  size dumps.
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F i g u r e s  3 - 73  and 3-74  show the o b s e r v e d  d - s ent  p rof i l e  for  both

the ( l a y  and silt dumps  as a funct ion of the s ize  of dump. Descen t

veloci t ies  i n c r e a s e  and the e f f e c ts  of en t r a inmen t  apparent ly
d e c r e a s e  with i n c r e a si n g  Size of dump.

The l a r g e  v o l u m e  dump , in f ac t , f a l l s  at near l y an e q u i l i b r i u m

ve loc i t y  ( i n d i c a t e d  by a s t r a ig ht l ine  p r o f i l e )  for  most  of i t s

descen t  phase .  The reason  for  this ef fec t  is that the cloud ’s

s u r f a c e  a r ea  to mass  r a t i o  is  f a r  g r e a t e r  f o r  the small dump s

than it is fo r  the l a r g e  ( s i n ce  ma t e r i a l  dens i ty  and PCM are

held cons tan t  in all r u n s ) .  While  the  cloud n e g a t i v e  buoyancy

is a mass  r e l a t ed  e f f e c t , the d rag  and e n t r a i n m e n t  phenomena

a r e  both a rea  r e l a t e d  e f f e c t s ,  Thus , the  r e l a t i onsh ips be tween

~a ei g ht e f f e c t s  and d r ag  or ent r a inmen t  e f f e ’ts  v1ill a l ter  with

dump s u e , we ig ht b e i ng  r o u g hl y in p r o p o rt i o n  to s ize  cubed  and

drag  or e n t r a i n men t  to si~.e s q u a r e d  so that  d rag  is grea te:  in

propor t ion  to n e g a t i v e  buoyancy  fo r  smaller  dump s .

T h er e  is some indk’aticri fr o m  the  descen t  p r o f i l e s  t h a t  the clay

dumps  e x p e r i e nc e a g r e a t e r  initial accelerat ion than the silt

dumps ‘~- i th  the  c l ay  pe rhaps  acce le ra t ing  ~~hile  in the  hopper so

as to enter  ‘he w a t e r  at a ve loc i ty  hig her than its e q u i l i b r i u m

v e l o c i t y.  Th i s  may be due to a g r e a t e r  t e n d e n c y  fo r  silt to

c l ing  to the hopper  s ides  on r e l ea se  and the  e f fec t  may be a

p e c u l i a r i ty  of the scale  and desi gn of the t es t  hopper . In any

even t  t h e s e  c h a r a c t e r i s t i c s  of the  r e l ea se  do not appear to
i n f l u e n c e the u l t ima te  descent  or d i sposa l  p a t t e r n  of the ma te r i a l .

Table 3 - 2 1  show s re levant  dump s t a t i s t ic s  for  both clay and silt ,

by s ize of dump,  The ave rage  bottom f low v e l o c i t y  is g r e a t e r

wi th  g r e a t e r  dump s ize  due  to the hi g her imp act  ve loc i ty  of the

l a r g e r  dump . The amount o f sett led mater ia l  (m g / c m 2 )in the
v i c i n i t y  of imp act  is also g r e at e r  wi th  l a rg e r  dump size r e f l ec t ing

bot h the amount of material  re leased and the g rea t e r  d i spers ion
resu l t ing  f r o m  the smal ler , slower d e sc e n d i ng  dump s ,
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It is also of i n t e re s t  to note that, for  the percent moisture used
in these  se r ies  of t e s t s  (about  190), entra inment  coefficients

appears  to be independent of the dump s ize .  Thi s was true  in

sp ite of the fac t  that vor t i c i ty  gene ra t ed  in the descending cloud
was cons ide rab ly  g rea te r  for  l a rger  dump s. Althoug h a greater

v o r t i c i t y  did hold the cloud into a w ell defined shape, it did not

appear to in f luence  the entra inment  ra te  nor the rat e of cloud
growth.

The effects of depth of dump w e r e  invest igated b y comparison of

simulation tes ts  8, 10 and 25 for  clay dump s and tes ts  7 , 9 and
24 for  silt dumps , as shown in Fi gures  3-75 and 3-76 . In each
of these  drops the dump volume was 10 l i t res  and the material

was  of about 190 percent  mois tu re.  The depth of the drop was

varied from 2 to 9 feet.

• F igures  3-77 and 3-78 show the observed descent  p ro files for
c lay and silt dumps as a function of depth of drop .  Perhaps of
greatest interest here is the observation that the descent profile

• appears to he essentially independent of depth of dump . Descent

through the initial 4 feet of the 9 foot drop, for example, follow s
the same prof i le  as that of the entire 4 foot drop.  Thi s is
expected sinc e th e hydr od ynamic effects  during descent are
essent ia l ly  independent of the water depth below the cloud .

• Table 3-22 presents relevant dump statistics , for both clay and
silt for the test  dump s at several depths. The distinction between
the early descent stage, where the cloud falls at an equilibrium
velocity, and the later stage , where entrainment effects

predominate , is clear f rom these data as well as from the descent
• photos in Figures 3-75 and 3-76. The earl y stage , represented

by the two foot dump, is charac te r ized  by a ve ry  hig h descent
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velocity and a near zero entrainment coefficient. The

descent velocity remains near ly  con stant as indicated by the

nearly straight line descent profile over the f i r s t  two feet.  In

the case of the 4 and 9 foot drops thi s early descent stage is

clearly passed and entrainment is influencing the descent .

Entrainment coefficient s become significant (about 0. 25) and

remain essentially constant beyond the initial descent stage. At

the same time the average velocity is decreasing for the deeper

drops due to the increased deceleration in the expanded entrain-

ment stage.

The bottom flow velocity shows no clear trend. A greater

velocity may be expected for the shallow drop due to the hi gher

irr.pact velocity. Ho~ ewr , since the cloud has not expanded by

entrainment in a shallow drop, much of this momentum may be

absorbed by the bottom impact. There is insufficient data to

evaluate this . The deposit of material on the bottom , howev er ,

show s clear indication that , in the shallow drop, more material

is deposited nearer impact. Less material is collected in the

sampling range (2 to 6 feet f rom impact point) for the shallow

drop but the di stribution of this settled material show s a steeper
increase towards the impact point than for the deeper drop.

More material is deposited near the impact point and less is

spread out beyond a 2 foot radius  from the impact point . Thi s

suggests the possibility that , when entrainment is low , there is

less tendency for material to di sperse since most of the descent

energy is then absorbed by impact and thus is not available to

spread the cloud .

One of the major interests in the comparison tests of dump size

and water depth was to investigate scaling relationshi ps. It is

possible to do thi s with the dump size and depth test series in

combination sinc e a small dump in a given water depth (say

1 liter at 4 feet) is , in fact , a scaled down vers ion  of the larger
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combination since a small dump in a given wate r depth (say
1 liter at 4 feet) is , in fact , a scaled down version of the l a rge r

dump dropped at a greater  dep th (say 10 liters at 9 feet).  These
runs can therefore  be used to investigate scaling effects .

The problem of scaling was discussed earlier and it was
hypothesized that descent phenomena may be scal ed about a

Froude number . That is to say, that full size and small scale
tests may be compared when both have the same Froud e number.

The reasoning behind thi s hypothesis was that the effect of inertia
(e .g . , in form drag) was the major influencing factor in

determining descent and bottom flow behavior (thoug h not in

dispersion) and that frict ional forces  were of lesser importance.
This is due to the relatively high mass to surface ratio of the

dump cloud . The Froude number is the significant scaling ratio

for effects dependent on inertia fo rces .  Thus , the t ra jectory of

a relatively heavy volume falling through air or water may be
scaled on the basis of maintaining a constant Froude number.

The test series that varied dump size and depth proved useful
in verif ying the scaling hpothesis . For thi s purpose the following
scaling relationships were  used

2
Froude number = Lg

where V is velocity
L length
g acceleration due to gravity

Since g is constant for full and scaled effects ,

2 2V f =~~~~~
_____ 

s (1)
L L1 5

where the subscripts f and s refer  respectively to full and scaled

dimensions
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a

V LfThe velocity scaling ratio, 
~
1, and length scaling ratio , -c— , a re
5 S

thus related by:

(V f /V s) = (L1/L~~
1 /2

Since velocity is the ra t io of length to time, equation ( 1) can be:

L / t  L / tf f s s

where t is time , and thus the scaling ratio for time is related to

the length scaling ratio by:

4. 

(t f i t )  = (L
1
iL
~
)’ 

/2

since volume (for similar geometry) is scaled by a length cubed

an d since density has been held constant by using similar dump

materials in full and scaled tests , both volume and mass scaling

ratios are related to length scaling f acto r s by :

(V olf \ - f Mf \ - 
(Lf 

~

\V ol5) 
- 

~~ 
M~~) 

- 

\ L5 J

For verif icat ion of the scaling hypotheses these scaling ratios were
applied to the following simulation tes t s :

a) for clay dump s (material at 190 PCM)

test 14 - 1 litre in 4 feet of water

:. test  25 - 10 l i tres in 9 feet of water

• b) for silt dump s (material at 190 PCM)
test 17 - 1 litre in 4 feet of water
test  24 - 10 litres in 9 feet of water

I
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The 1 litre tests were  taken as scaled versions of the 10 litres
tests .  On the basis of the 1 to 10 litre volume ratio the
following scaling factors  were  calculated:

volume: Vol /Vol = 10£ s

length: L1/L = (10) 1/3 2.15

velocity: V
f /V = (2 . 15) 1/2 

= 1.47

time : tf /t = (2 . 15) 1/2 1.47

The length ratio of 4 feet to 9 feet is quite close to the length
scaling factor of 2 . 15 and hence the test s are comparable over
most of the descent dep th for each case.

In order to verif y the scaling hypothesis the appropriate scaling
factors were applied to the depth (L f /L 5) and time(tf /t S ) axes of
the descent profile. Figures 3-79 and 3-80 show a comparison
between the scaled up 1 litre tests and the ?? fu l l ?I  scale 10 l i tre tests .
In each case the descent profile and the cloud diameter have been
plotted as functions of time after dump release.

For both clay and silt these profi les  are quite similar in shap e
and form . The differences , particularly in the descent profile
are well within the normal measurement and test variability

— observed during simulation run s . It should be noted , however ,
that the hopper f rom which the dump s were released were  not
geometrically scaled and were in fact identical for both full and
scaled run s . Thus , the geometries of the initial volumes as
released from the hopper were different with a much flatter ,
pancake shaped volume for the smaller dump . The effects of
thi s difference (scale effect) can be seen in the early part of the
cloud diameter profile where the cloud shapes differ considerably.
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It is of i n t e res t  to note , however , that even wit h ve ry d i f fe ren t

initial  geomet r ies , the cloud descent pr of ile and th e clo ud shape

become quite similar within a very  short descent period . Thi s

sugges t s  onc e again that dump descent and d ispers ion  characteris-

tic s are not ver y sensitive to the method of release or geometry
of the releasing device.

On the basis  of t his compar ison it app ea r s that some dump
cha rac t e r i s tics may be sca led , using equivalent Froude numbers ,
an d that some p redic t ion o f fu ll scale ef f ect s in dump ing can be

made from the scaled test  results . The phenomena observed in

the present  tests  do fo rm a basis for ful l scale prediction.  It

should be noted , how ever , that thi s ver i f ica t ion  of scaling

effect  was only ca r r i ed  out for  material of about 190 percent

mois ture .  At lower moistur e content the scaling rat ios woul d

app ly equally well sinc e iner t ia  effects  are even more predominant
when moistur e content is lower and mass to area ratio even
hi gher .  Frictional effects  are  then less important and scaling
on the bas i s  of Froude number  alone is sui table .

For hi gher moisture content , howeve r , f r i c t i o nal e f f ec t s  a re  of
greater  importanc e since the negative buoyancy is smaller in
co mparison to su r face  a re a of th e cloud . If f r i c t iona l  f o r c e s  are
si gnificant in comparison to inert ia  fo rces  at hi gh mo i s t u r e

content , scaling e f f ec t s  wi ll be co n side r ab ly more  complex .
Scaling of 400 to 500 PCM dump s may be somewhat ques t ionable .
Scale effects  for  thi s rang e of dump mater ia l  should be fu r the r
inves t igated.  It should be noted , how eve r , that PCM values hig her
than 200 mo~ t probably occur only for the top portion of the
hopper and for the case of a hydraulic pipeline dred ge.
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It is of in teres t  to note , how ever , that even with very di f ferent

initial geometries , the cloud descent profile and the cloud shape

become quite similar within a very  short descent period . Thi s

suggests  onc e again that dump descent and dispersion cha r acteris-

tic s are not very sensitive to the method of release or geometry

of the releasing device.

On the basis of this comparison it appear s that some dump

char ac t eristic s may be scaled , using equivalent Froude numbers ,

and that some prediction of full scale effects in dumping can be

• made from the scaled test results .  The phenomena observed in

the present  tests do form a basis for full  scale prediction.  It

should be nQted , however , that this verif icat ion of scaling

ef fect was only car r ied  out for  material of about 190 percent

mois ture .  At lower moistur e content the scaling rat ios would

apply equally well sinc e inertia effects  are even more predominant

when moistur e content is lower and mass to area ratio even

higher.  Frictional effects  are then less important and scaling
on the basis  of Froude number alone is suitable.

For hi gher moistur e content , however , fr ict ional  e f fec t s  are of

greater  importance sinc e the negative buoyancy is smaller in
comparison to surface area of the cloud. If f r ic t iona l  f o r c e s  are

si gnificant in comparison to inertia forces  at high moistur e

content , scaling effects  will be considerably more complex.

Scaling of 400 to 500 PCM dump s may be somewhat quest ionable.

Scale effects for  this range of dump material should be fu r ther

investigated. It should be noted , however , that PCM values higher

than 200 most probably occur only for the top portion of the

hopper and for the case of a hydraulic pipeline dred ge.
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a

Ef fects  of Mois tu r e Co nte nt

One of the major var iab les  that affects  the disposal phase is the

moisture content of the material dumped. In order  to evaluate

the ef fec ts  j f thi s variable the following lab simulation tests
were  compared:

For clay material
Run 20 - 95 PCM in salt ~a ter  f rom hopper

3 - 12 1 PCM in fresh water from hopper
1 - 131 PCM in f r e s h  water f rom bag~
2 - 135 PCM in f r e sh  water  f r o m  barge

4 - 183 PCM in f r e s h  water  f rom hopper

10 - 190 PCM in f r e s h  water f r o m  hopper

15 - 191 PCM in fresh water from barge

22 - 422 PCM in salt water f rom hopper
5 - 535 PCM in fresh water from hopper

For silt materials
Run 11 - 67 PCM in f r e s h  water f rom hopper

6 - 100 PCM in f resh  water  f rom hopper

19 - 120 PCM in salt water f rom hopper

9 - 190 PCM in f r e s h  water f rom hopper
16 - 191 PCM in f r e s h  water f rom barge
13 - 403 PCM in f r e s h  water f r o m  hopper
21 - 410 PCM in salt water f rom hopper

All of the above releases were  made in a four foot water depth
with 10 li ters of material. Sinc e it was found that the method of

material release (barge , hopper , etc . )  and the dump environment
(salt or f resh  water)  had little effect  on the dump ing characteris t ics ,
it was decided to combine runs in these categories in order to

o btain larger samples for recognizing t rends  associated with

moistur e cont ent . Water depth , size of dump and type of material

The f i rs t  test run utilized a plastic bag as the dump container
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(clay or silt), how ever , do have a si gnif icant  effect  on the dump

and therefore  these factors  were  held fixed for each of the above
series of runs . Thi s gave a range of 95 PCM to 535 PCM clay

and 67 PCM to 410 PCM silt for the investigation .

Figures 3-81 and 3-82 show the observed e f fec t s  due to changes in
PCM. To character ize  the descent phase the average descent

velocity and the entrainment coefficient  w e r e  used.  These values
have been plotted against moistur e content for both c lay and silt
material  in Fi gures  3-83 and 3-84 . For both materials there  is
a “ solid” and “liquid” range. In the “~~o1id” range the material
behaves more like a solid block with low entrainment and high
descent velocity while in the “liquid” rang e it behaves more like
a fluid cloud with higher entrainment and a relatively low descent
rate. Vorticity was more likely to be generated in the descending
cloud when it was in the “liquid” range. The solid range appears

to extend up to about 100 PCM for both clay and silt , while the

liq ui d range is above about 150 PCM for clay and above about
200 PCM for silt . In between these bounds is a transit ion range
where descent veloci t ies pr obably dec r ease and entrainm ent
coeff icients  increase.  It should be noted that within the liquid
range for clay, the entrainment coefficient  appears to increase
gradually with PCM. However , for  silt entrainment is essentially
constant in that range and all material within the liquid range
behaves similarly in descent . Cau t io n shou ld be exerci sed in

attempting to define the bounds of the solid , t ransit ion, and
liquid phases f rom this data sinc e there is a paucity of data in the
transition phase.

-
~ The effects  of moistur e content on the collapse phase and the

bottom flow phase are also character ized by solid and liquid
ranges. The flow generated along the bottom is generally high
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for  dump s in the liq uid range and low for tlose in the solid range.

This is shown in Figures 3-85 and 3-86 where the average bottom

• flow rate in the first 6 feet f rom the impact point is plotted as a
fu nction of percent mois ture .

During the collapsr  phase some of the downward momentum of the

dum ped material. i~-~ nver ted  to a horizontal momentum. Some
measure  of this  ~ft e c t  is provided by Vb /V i, the ratio of the

initial bottom flow ra te  to the final descent velocity ( just  before

im pact) .  Althoug h the measure  is not ideal , sinc e it does not

take into account the f rac t ion of material that is moved by the

botto m f low , it does give an indication of the amount of impact
energy that has been diverted into driving the bottom cloud . Thi s
frac t ion is expected to be relatively low for material in the solid
range (impact energy absorbed in the bottom) and relatively high
for the liq uid range of dumped material (impact energy diverted
to bottom flow) .  The ratio plotted against percent moistur e,
also shown in Figures 3-85 and 3-86, shows distinct solid and

liquid ranges. For both the clay and silt materials the solid

range appears to extend up to about 100 PCM and the liquid range

is near 200 PCM. The range from 100 to 200 PCM is a transition

range where the bottom flow velocity is increasing and the fraction

of impact energy diverted to driving that flow is increasing. At
very high moisture content (400 to 500 PCM) the bottom flow
velocity appears to decrease  slowly while the velocity ratio
remains hig h . This is due to the fact that impact velocity does

decrease with very high percent moisture so that the amount of
momentum available on impact also decreases while the fraction

• diverted to bottom flow remains the same .

The inf luence of moisture content in the dumped material on
material deposit and mound formation is also characterized by
distinct solid and liqui d PCM ranges.  These effects  are shown in

I
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Figures  3-87 and 3-88 where  mound depth and settling rate

(deposition) in the vicinity of impact have been plotted against

percent  moisture.  The mound depth is the maximum measured

depth of deposited material. Deposition is an average  rate of

settling (mg/ cm 2 dr y we ight) in the space f rom 2 to 6 feet f rom

impact point. Values for  deposition were  determined by weighin g
the material which settled during each test into Petri  dishes

placed at specified space intervals on the tank bottom. In the
solid range , extending up to about 125 PCM for both clay and silt ,
niounding is significant and little material  is deposited away  f rom

the impact area.  In the liqu id range , extend ing be yond about
200 PCM for both materials , mounding is insignificant and
grea te r  amounts of material are  apparentl y carr ied  in the liquid

cloud and deposited ove r a wider  reg ion. At very high moisture
contents (400 to 500 PCM) the deposit rate decreases  since near ly
all material remains in suspension . Between 100 PCM and
ZOO PCM is a transition reg ion where mounding becomes less
predominant and a sharp inc r ease occurs  in the amount of

mate rial settling out of the cloud in the impact vicinity.

Limited data were  developed in an attempt to quantif y some
aspects of the horizontal cloud flowing along the tank bottom.
Samples for suspended solids determination were  taken at one ,
three , and five inches above the tank bottom. Height of the
advancing cloud was recorded from the motion pic tu res , and the

level of the cloud thirty minutes afte r the dump was recorded.
Several problems were noted in connection with collecting these
data:

. To obtain spatially representative samples , 1/4”
polyethy lene tubing was used , and samples were  gently
pumped into sample bottles. The tube openings w e r e
set 3. 5 feet from the impact point. This procedure
required up to a minute , and there may have been some

I
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~~~~~ t t r u t i the cloud ’s impact and re flection f rom th e

fa r t an h  ~vall .

Cloud 1i - i ~~h 1 arid ultimate cloud level a re  affected by the
c ,) I1St r~~~n t  ( ( I  tank size.

r at ions  on horizontal cloud movement are  ta bulated
iii T a b le - ~ 3 . 7nd son~i - data a re  plotted in Figure  3-89. The
lf lhJ)O r tan~ e ul i i t o i s t u r c  (-ontent is again indicated by this plot,

- .~ l ich ~~~~~ st -  ~~at cloud solids may be fairly constant (insensi—

t iv c  to I ’CNI  of dump ed  mate r i a l )  above ZOO PCM for  silt in f r e s h
w a t e r .  1 he f i g  r i  a lso  show s the hi g he r  concent ra t ion  of sus-

pended solids n c a r  t he  bottom. Other  v e r y  gene ra l  t rends  can be

i n t e r r e d  I r n i  Table  3 - Z 3 . Silt appea r s  to g e n e r a t e  a cloud lower

in s u sp e nd e d  solids than clay, and cloud s in salt w a t e r  appear to

have  lower  su~.pended solids than clouds in f r e s h  water .

I v . u - lay e r  r iump t e s t

As in d i c a t ’n ~ e a r l i e r , a single tes t  was run  to obse rve  the e ff e c t  of

p er c en t  :i o i s tu r e  l a y e r i n g ,  or g r a d i e n t , in a dump vessel .  A

samp le was  pr ep a r e d  us ing  5 l i t e r s  of 100 PCM on the bottom

ari d 5 l i ter s  of 400 PCM mater ial  on top. It was  postulated that

the  100 PCM mate r i a l  would fall qu ickly  to the bottom and that the

400 PCM would fall  more  slowly. If thi s o c c u r r e d  it implies

that the descen t  phase f r o m  a hopper dred ge would consis t  of a

s e r i e s  of n ;a t e r i al  l a y e r s , each behaving in a manner related to

the PCM and volume of the v a r i o u s  l ayers .  In ac tual i ty ,  the re

may not be d i s c r e t e  l a y e r s ” but pe rhap s layers  with t rans i t ion

zones between t hem .

Figure 3-90 shows the two- layer  tes t  photos. In the left  photo

t he 100 PCM block of mater ial  can be seen , with mater ia l
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streaming off of it , into its wake. Just leaving the hopper is a

dark c loud that si gn i f i e s  the exit of the 400 PCM material . In

t h e center  photo the 100 PCM block , still intact  is about to

impact on the bot tom . Note that the  d is tance  be tween  the

leading ed ge of the  100 PCM mater ia l  and the dark cloud of

400 PCM material  has increased  considerabl y.

In the photo on the ri ght , the 100 PCM mater ia l  has impacted and

genera ted  an impact cloud similar to these seen on other drops  of

mater ia l  with a low percent  mois tu re .  The dar k cloud is seen

to be descending at a much lower velocity.

Examination o f the movies  of thi s dump, as compared to movies

of 100 PCM and 400 PCM dumps , indicate  tha7. the gross

cha rac te r i s t i c s  are  the same , especially for  the 100 PCM frac t ion ,

bu t that the flow behind the 100 PCM material  does af fec t  the

behavior of the 400 PCM mater ial  fol lowing it. Thus , t h e re  is

an inte rac t ion that must be consider ed , when p red ic t ing  the

behavior of a s t ra t i f ied dump , and simple superpos i t ion  may not be

adequa te. However , the entrainment coefficient for the 400 pcm
layer is about the same as encountered in other hig h -pe rcen t
moisture tests.
(3) Interpretat ion of Observed Ef fec t s  in Large Tank Tests

On th e bas is  of th e obse rv at ions d e sc r i b e d  in t h e pr ecedi ng sec t ion ,

two important h ypotheses a re  sugges ted . The f i r s t  is that some

discharge  and dump ing cha r a c t e r i stics ca n be scaled and pre-
dictions to full scale mad e on the basis  of equivalent Froude

number . Th e second hypoth es i s  is that , fo r the ma te r i a l s  studied ,

— clay and silt , dum ps can he c lass i f i ed  on the basis  of p e rc e n t

moi s tu re  into “ solid” o r  “ l iqu id”  PCM ranges  and that , wi th in

each cla s s i f i cat io n , the dump ing cha rac t e r i s t i c s  are  re la t ive ly

independent of the material’  s per cent mo i s tu re , Bet w een t h e

“ sol id” and “ l iqu id”  ranges  the re  is a t r ans i t i on  range  where  these

c har a c t e r i st ics a r e  h i ghly var iable  and are  dependent  on percent

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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moisture. The size of this transition range may be a f unctio n

of the depth , size of the dump , and the type of material .

V alidit y of Fr oude Numbe r Scaling

When a hydrod ynamic phenomenon is driven princi pally by ine r t ia

effects and fr ict ion effects are negligible in comparison to the
inertia effects , that phenomenon may be modeled or scaled on

the basis of Froude number.  That is , when both the model and
the full scale have the same Froude number , they will behave
similarly and model characteristics may be scaled to f ull size

u~ ing scaling relationships defined by the Froude number .

In the case of ocean dump ing it appears likely that inertia
effects predominate when the dump behaves as a cloud rat her
than as individual particles. Thus , during the descent phase and
perhaps much of the bottom flow phase , scaled tests may be

used to predict  full scale behavior. When d i f fu a i o n  predominates ,
or settling takes plac e , fr ict ion effects and individual particle
behavior is also important and then unique scaling relat ionships
cannot be determined. Once in the diffusion phase where

individual particle beb ivior is the predominant effect , scaling is
no longer appropriate cxcept on the basis of individual particle
dimensions . ~~~. -

The hypothesis that inertial effects  predominate in the descent

phase and that modeling based on equivalent Froude numbers  is
therefore  appropriate , has been supported by comparisons -

between geometrically similar dumps of d i f f e r ing  depth and size .
These comparisons indicated that in the “ solid” PCM range and
at least in the lower par t  of the “liquid” PCM range , small scale
tes t s  may be extrapolated to full scale on the basis of Froude
number. To do this, the small scale behavior may be observed
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in a tank where  water  depth and hopper dimensions are reduced

in a sui table geometr ic  sca1j n~ factor ( J ) .  The volume of dumped

material is then reduced by the cube of that scaling factor ( j 3).
The observed time or velocity of descent and bottom flow may
then be expanded back to full size by the square root of the scaling
factor ; cloud or mound dimensions by the factor (~ ) and
cloud or mound volume s by the facto r cubed ( ~
Extrapolation to Full Sca le

The contract  statement of work  requires that “Qualitative predic-

tive conditions shall be extrapolated to actual transport  modes and

distances and dis posal site conditions. ”

In thi s section the scaled stud y results will be extrapolated to

typical full scale conditions utilizing three predictive approache s.

These are:

• the Krishnappan mathematical model
the Koh Chang mathematical model

Froude numbe r scaling of actual test dumps

The Koh Chang model is based primarily on theoretical con-

sideration s while the Krishnappan model is based largel y on

empirically der ived re lation ships.

As a result of the present  stud y, a third method of predictin g

dump behavior has been suggested. This is the expansion of

small scale test data to full scale . This method has the advantage

of not requiring precise quantitative definition of all significant

properties of the dred ged material. For example , although

cohesiveness of dred ged material may have a significant influence

on the dump characterist ics , it is presently not possible to

account for this in the analytical models except as it can be

• defined in terms of the resulting particle sizes. Howeve r , f rom

the scaled tests of the present study, the importance of material
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cohesion was readily apparent.

In the following comparisons between analytical and small scale
test methods of prediction , it will be shown that anal ytical
methods predict considerably slower descent velocities than

those predicted by the expansion of small scale data . In the case
of the Kr ishnappan model it will also be shown that model pre-
dictions , applied at the reduced scale test dimensions , did not

correspond to the observed descent character is t ics.  The
dif ferences  appear to be due to the influence of material
cohesion on descent characte ristics.

Krishnappan Model

In the development of his model , B. B. Kr ishnappan has taken a

dimensional approach to formulate the basic relationships in the

descent phase of dumping. He has then used laboratory simulation

dumps to empirically dete rmine the required coefficients for

growth and descent velocity.

His basic relationships are the following :

r ~. , l / 2

~3 [(
~ )g vj

w = = cloud descent velocity (3 1)
z + Ro /a

and

R = Ro + x z  = cloud radius

where p is density of the dumped material

p is density of the ambient water

g is acceleration of gravity
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V is v o l u me of du mped materia l

z is depth at which veloci ty  is measured

Ru is ini t ial  radius of dumped volume

~ 
and c~ a r e  empirically der ived coeff ic ien ts  that are
dependent on the v alue:

3
8 ~~~~~ gj ’ D

2
M

w h e r e  D is the par t i c le  s ize  of the mater ial  dumped

l~ is the v i s c o s i ty of the ambien t  w a te r .

T h e s e  re la t ionships ar e  the core  of the Kr i shnapp an  model .  In

addition , the model provides for a settling phase where material

settles at individual pa rticle fall velocities but , for the purpose

of compar ing  simulation tes t  results with Krishnappan predict ions,

for the materials under study, this settling phase  can be ignored

since it can be shown that the cloud will impact the bottom before

it slows suff icient ly fo r  individual particle settling to occur .

The Krishnappan model was  app lied to a number  of the simulation

test cond ition s , using as input , a speci fic gravi ty of 3.0 for the

solid mater ia l  and using an initial radiu s ( R o) based on a

spherical initial volume. In these comparisons, even the largest

pa rticle s izes in the clay and silt mate rial (about . 04 mm diameter)

w e r e  too small to settle as individual pa rticle s within the depth

rnage  u n d e r  cons idera t ion .  Thus , only the entrainment phase of

the model was applied.

The resu l ts  of this comp ar i son  a re  shown in Table 3-24. Cloud

radiu s is quite well predic ted fo r  400 and 200 PCM moisture

co n ten t ,  h o w e ver , at  100 PCM the model considerabl y eve r-

es t ima tes  the r ad ius , Impact veloci ty  is con side r ably under-
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estimated at all levels of PCM althoug h the prediction appears  to

improve w ith increas ing  moisture content. Mounding predict ions

a r e  poor as all PCM levels w e r e  not tabulated.

Probably the major facto r accounting for these differences

between model predict ions and actual test results is the material

cohesiveness . The Krishnappan model was developed f o r  a non -

c Oh e S i \  e ma te r i a l  ( s and)  and the mate rials used in the simulation

tests (clay and silt) were highly cohesive . We did , however , use

the Kr i s hn ap p a n  emp ir ical ly der ived  constants  for the part icle

si ze  of i n ter e s t  in these  tests . In g e n e r a l , cohesive mater ia l  has

been d e m o n s t r a t e d  to fall more  rap idl y and show less cloud

~ rowth than n o n - c o h e s i ve  mater ia l .  In the low mois ture  content

t e s t s  (100 PCM),  f o r  example , the mate r ia l  actually fell as a

solid block wi th  n e a r l y  no c loud g r o w t h. Its drag  and entra inment

w e r e  low and hence  its impact veloci ty was high. Howeve r , the

Kr ishnappan  model pr e di c t i o n s , based on non-cohes ive  mater ia l

(but with the c o r r e c t  part icle size) overestimated cloud radius by

a fac tor  of 2 and underest imated impact velocity by a factor  of

more  than I ) .

With hig he r  mois tu re  content mater ia ls, cohesiveness is less

important and thus model prediction and test  results appear  to

conve rge.

In considering the predict ion of full scale ef fec ts  by means of the

Krishnappan model , it should be noted that , unde r model

prediction s fo r  the descent phase, scaling is dependent only on

the Froude number .  This can be shown as follows:

From equation 3-1

r 
~~~~ 

1/2

~~ ~~~~~1( -a-- ) g V ]
• z + R o/ ~~~~~~~
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Taking j  as a characteristic length where:

R o /a

then , for equivalent geometry, volume is proportional to length
cubed:

V

so that :

1. / 2I P 5 P 3

~L( ~~~~~v!

I
squaring both sides and transposing:

2 -w — P g  P- j3 ( —i-— ) i

2wand — ~s the Froude number .gi

This indicates that , under the model assumptions , Froude numbe r
is dependent only on dump characteristics( 

~~~~~~ 
p .  ~ ) and the

dump geometry ( y ) .  Thus , the Krishnappa n model predictions
for a reduced scale dump (for the entrainment phase) are
expanded to full scale model predictions on the basis of Froude
number. This is the same basis that we used in the expansion of
the scaled test data to full scale. Therefore , a comparison
between full scale predictions with the Kr ishnappan model and

full scale predictions based on expansion of the test tank data will
be equivalent to the comparison of reduced scale effects  and the

same conclusions will app ly.
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Kob Chang Model 
-

The  Koh Chang model is a computer ized  predict ion method that

has been developed f rom extensive theoretical  considerations , as

d e s c r i b e d  prev ious ly. For the purpose  of a comparison w ith

scaled tes t  tank resu l t s , however , onl y the convect ive descen t

phase will be cons ide red .  This phase  takes account of cloud

d r a g ,  negat ive buoyancy ,  f r ic t ion  fo rces  and entra inment  in

calculating the growth and t r aj e c t o r y  of the descending cloud .

In o r d e r  to compare  the Koh Chang predict ions  with simulat ion

test results , the Koh Chang model has been run for variou s full

sca le conditions of dump ing , and appropr ia te  test tank results

have  been expanded to ec~uivalent scale. The expansion of the

t e st . tank data is on the basis  of Froude number as desc r ibed

previously. The resul t s  of these comparisons a re  shown in

Table 3-25.

As in the previous comparison the mathematical model appears

t~) o v e r e s t i m a t e  cloud g rowth  and underes t imate  the descent

veloci ty , although the d i s c r ep a n c y  is not as la rge  as in the

comparison with the Krishnappan model. A g ain , the most

probable explanation lies in the cohes iveness  of the dred ged

material .  The mater ia l s  used in the scaled tests w e r e  highl y

cohesive and , t h e r e f o r e, tended to have little ent ra inment  and a

~‘ery  r a p id descen t  veloci ty  while the ent ra inment  coe f fi c i en t

sugges ted  in the Kob Chang model is probably based on a less

cohesive mate ria l. Howeve r , it appears  that the en t r a inmen t

coeff ic ient  suggested for use in the Koh Chang model is bette r

suited to the types of material  under  s tudy than that provided U )
the Krishnappan model and thus , the mode l p rovides a somewhat
bette r fit to the test  data. The d i s c r ep a n c y  between the scaled

• t es t  data and the Koh Chang prediction appears to in c r &  ~t Sc  with

decreasing moisture content. This is expected since c o h e s i ven e s s

r 
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is of g r e a t e r  importance with lower PCM mate rial.

The fact  that the Koh Chang predict ions are  closer to the scaled

test predictions than those made using the Krishnappan model is
not necessar i ly a consequence of the g r ea t e r  theoret ical  com-

plexity of the Koh Chang model. The improved fit appears  to
re f lec t  a choice of entra inment  coeff icient  in the Koh Chang
model that is better suited to the materials used in the scaled

tes ts.

Expansion of Test Tank Data to Full Scale

The major  weakness in both of the analytical models discussed
above is in the difficulty of adequately representing charac te r i s -

tics of the dump material.  The ef fec ts  of cohesion, for example ,

cannot be modelled without f i r s t  empirically de fining character is-
tic s , such as the entrainment coeffic ient and the liquid limit , for

the specif ic  mate rial of interest .

The predict ion of dump characte ristics by means of scaled tests

avoid s this difficulty since the material under study is actually

used in the scaled tests . The expansion of test tank data to full
scale , howeve r, is a problem that requires further consideration.

On the basis of the present  stud y, it appears that much of the
test tank data can be expanded on the basis of Froude number.
However , cer ta in  aspects  of mud flow and diffusion may not be

equiva lent ly scaled. Scaling relationships for  all dump phases
should be f u r t h e r invest igated and verified by laboratory and field

t e s t s .

Another  var iable  which is difficult to simulate in dumping tes ts is

spe
~~

iic equi pment configuration. Within normal time and bud get
constraints , perspective would be lost by simulating the many
vi sSi ls w hid  mig ht be used for bottom dumping in the Bay.
Hoppe r dred ges , barges , and scow s all have dumping mechanisms
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and shapes unique to each vessel. The data resulting from these

dumping tests are strictly applicable only where the shape of the

pocket opening of the full-scale vessel approximates the shape

of the openin g in the test equipment. A pplication to dumping of
multiple pockets , or to equipment with unusual configuration s ,
should be done with caution and with an awareness  of these

potential p r ob lems .

For the present  stud y, test tank data for the descent phase has

been expanded on the basis of Froude number to provide a set of

curves  re lating impact radius and velocity to dump size and wate r
dt ~pth. These relationships appear in Figures  3-9 1 to 3-98.

In prepa ring these curves the tests in the 9 foot tank were  used .

F These tests were with clay and silt, with each at about 100 and

Z OO PCM moisture content. The actual cloud descent profile was
used to derive descent velocities and cloud radii at variou s dep ths
and these were  expanded to various full scale dump volumes and
water  depths on the basis of equivalent Froude numbers. The
radii and velocities so determined may be interpreted as the
impact velocities and radii for the equivalent water depth even
thoug h the measurements may not correspond to the actual

impact point in the scaled test. The justification for this is in
the observation made previously in this chapte r that descent

profile is not dependent on depth of water .  That is , for example ,
with equivalent dump conditions the descent  pr of ile ove r the f i r s t

- ; 4 feet of a 9 foot drop is equal to that of an entire 4 foot drop.
Since there is no apparent ef fec t  due to bottom proximity, the

characterist ics of the dump cloud at some intermediate depth in
the drop, may be considered equivalent to the impact cha rac t e r -
istj cs fo r a drop in that limited wate r depth.

Some anomalous results w e r e  noted fo ’ the 50-foot depth calcu-
lations. These anomalies w e re  caused by the fact that scaling

a 3-202
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to the 50-foot depth relied on data from the first  two feet below
the release point. This is a region where  transient  effects ,
unique to the specifi c release confi guration , predominate.
Therefore , the values for 50-foot dep th on Figures 3-9 1 to 3-98
are  incomplete .

In using these curves it should be kept in mind that they are
tentative estimates at thi s time since only limited verification of
the sca ling re lations hips has been carried out. Howeve r , since
the Krishnappan and Koh Chang models both scaled using the

Froude numbe r, it would appear that the best prediction method
for  full sca le San Francisco Bay open wate r disposa l would be to
use these curves that were generated from actual Bay sediments

in scaled tests and extrapolated using Froude numbers.

Using the full scale curves in Figures 3-91 to 3-98 , and the
measu red and inferred behavior of the cloud , as described in

previous sections , it is possible to make quantitative predictions
of the cloud radiu s and impact velocity for  100 PCM and 200 PCM

Bay sediments such as found in Pinole Shoals and Mare Island
St raits . It is also possible to then make qualitative predictions
of the bottom flow , moundin g and cloud settling characteristics
for these materials based upon the data presented in this chapter.
Finally, the behavior for material dumped from a bottom dump-

ing barge , or a hopper dred ge , can be i n f e r r ed  from the field
measurements and laboratory tests presented in thi s chap ter.
The full st ale curves  for 100 PCM materials  represent  material
in a bottom dumping barge , or th e hig h densi ty ,  low moisture
content of a hoppe r dred ge . The 200 PCM curve s represent  the
behavio r of material in the low dens i ty ,  hi g h moisture content
of a hoppe r dred ge.
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Percent  Moisture as a Controlling Paramete r

The test  r esults  descr ibed in thi s section suggest that , for the
mater ia ls  under stud y (clay and silt), dumping character is t ics
fa ll into two dist inct  modes. The “ solid” mode is characteris t ic
of material s with low percent  moisture such as seen in the barge
fi l led with a clamshell in Alameda and in the bottom half of the
hopper dred ge in Mare Island . In thi s mode the dumped volume
falls as a solid block or blocks and does not spread much on the
bottom. In the “liquid” mode, characteristic of materials with a
high moisture content such as the top few feet in the hoppe r dred ge ,
or in a p ipeline dred ge , the dumped material falls as a liquid cloud
and spreads like a fluid on the bottom . The se modes can be
identi f ied by relatively well defined PCM ranges althoug h the
cut-off PCM values for each are dependent upon the size and
depth of the dump . The “ solid” range includes all PCM values
below a certain transit ion point (upper bound of solid mode), and
the liquid range includes all PCM values above a somewha t hi gher
transit ion point (lower bound of liq ui d range) .  The PCM range
between these two points is a transition range wh ere dump ing
characterist ics var y rap idly with change in PCM and dump s
show characteristics of both modes . Although there is some
variation in dumping characteristics by PCM within each mode ,
the differences between modes are much greater and the
t ransi t ion b etween these modes takes place over a relatively
narrow transition rang e of PCM.

The “ solid” dump mode is characterized by a very rap id descent
phase , little cloud growth and little spread of the material  on the
bottom afte r impact. During descent the material falls like a
heavy, dense block trailing a turbidity plume behind it. It
rap idly reaches its equilibrium velocit y and does not decelera te
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before  impact . Entrainment is neg ligible in the solid mode so

that the main cloud has little shape chang e during descent as

i l lus t ra ted  in F i g u r e  3 - 9 9 .  Most of the descent energy is

absorbed  on impact  and does not contr ibute  to spreading

mater ia l  along the bottom. Thu s, the bottom flow is low in

suspended solids and is slow moving.  Most of the dump material

is depo sited in a mound at the impact point . There is a distinct

possibi lity that the behavior of the material just  after impact , for

the “ solid” ran g e , is re lated to the cohesiveness of the material.

The “ liq uid” dump mode also shown in Figure  3-99 is character ized

by a slower descent  phase with the cloud expanding due to entrain-

ment , and by a rapid flow of material along the bottom after

impact. During descent entrainment is significant and the cloud

rrow s rap idly, decel~ rat ing while it does so. Impact velocity

may not be as hig h as for equivalent ‘ sohd” clumps. ~~ust  of th~
impact energy is redirected to a horizontal momentum that drives

the cloud rap idly a c ro s s  the bot tom . There is little or no mounding

of dumped material at the impact point and most deposited material

i s ca r ried in a rapidly moving bottom flow.

On the basis of a limited amount of test data , comparing dump s

from 1/10 to 10 litres in size and from 16 inches to 106 inches

of water depth , it appear s that the PCM bound s for “ solid” and

“liquid” dump modes may be dependent on the dump size and the

water depth. In general , it appears that with inc r easing depth or

decreasing dump size the lower bound of the liquid range is

decreasing . That is to say, for a percent moistur e such that

the material behaves , as if it we re  in the transi t ion range for

some size and depth of dump , it may be within the liquid range

-‘ when dropped in deeper water  or when dropped at smaller volumes.

due to entrainment causing the PCM of the cloud to increase.

3-209

-——-4. In - - - - --  - - 
~ C’ ~~~~ 7W .n - - - - — — -r ,  - - - -• ~~•

— — -4 4. ~~~~~~~~~~~~~~~~~~~~~~~~~~
.— — 

p_ ___



--- --4.--- - -  - —-- -4 .-  - ------ -4—. --- --— — —- -4---- -- ‘— - 4 - - — - - - -  - - 4 - — --- - - - ----- 
~~~~~

-4 -4 - 4- 4 -4 - 4-4-4-4-4 — - - -

\\ —

~~ I -

~~

I U -~~

~~~~L 1 i  Jo!
/ 

~ ‘J I  ~ -

~~_
~~/

,
‘

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0

-4
0
‘.4

4)
(1)

4.

4?
U
U)

4. 0)

-~~
, 

~
- 

~~~~~~~~~ ~
— 0 —

-
~~ = — .~~~~~~~ 0)

— —
, .

~~
. =— — — ._ o  o-, / — ~z::- 0 0 ~/)

-‘/ i ~~~ ,i~” ~~~~~-._

o
-4

3-2 10
a

‘S

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

-.——- — - 
~~~~~~

.-
~~

- - —.‘-
~~ -V ~~ - • - - ~~~ TI 1  ••~~•~~~~-4 - 4 •  - -4~~

-4
~~ -44. - — -— - - — -4,— - - - —‘-4 ~w—4 .- - -- —- - -~M~ - — -- - -- — -- - - --p- ---~— - ~~ — - - - -4.--- -—~~



- -  --—---- - - _

.

The upper bound of the solid range, on the other hand, appears

less variable with dump size and dep th .

One clue to a poss ib le  in t e rp ret a t ion  of these observat ions  is

g iven by the obse rved  relationship between entrainment coef f i c ien t

and pe r cen t  m o i s t u r e .  In general , it appeared f r o m  tes ts  that a

coe f f i c i en t  of zero  (no en t r a inmen t) would hold for pe rcen t

mois tu r e up to about  100 PCM fo r  both silt and clay. Beyond

that PCM level , the e nt r a i n m e n t  coef f ic ien t  increased  with percent

moi s tu re  to reach a level of about  0. 25 or 0. 30 for silt of PCM

about Z O O  or g r ea t e r , and a level of about 0. 5 fo r  clay of PCM

g r e a t e r  than ab o u t  300 .

Given such a re la t ionsh ip be tween  percen t  m oi s t u r e  and entrainment,
it appears  that for  any dump s of low mois tu re  content (under  100

PCM) en t ra inment  will be negl i gible  throughout descent and

moisture content  of the impacting cloud will be essential ly the

same as that at re lease.  For hi gh percent  mois ture  drop s , on

the other hand , (over  abo ut 200 for  silt , over about 300 for  clay)

entra inment  w ill be si gn i f ican t  but at a constant  rate  th roug hout

descent  so that , on impac t , the cloud ~~i1l have reached a si gnifi-

~antl y g rea te r  m o i s t u r e  content  than it had at r e l e a se .  For an

in te rmed ia te  m o i s t u r e  content , however , en t r a inmen t  becomes

a dynamic phenomenon.  In the c o u r s e  of de s .  cnt , e n t r a i n m e n t

c a u s e s  dilution of the descending cloud to a g rea t e r  PCM. The

greater  PCM , in t u r n , al lows a hi gher ent ra inment  coe f f i c i en t

and thus a f a s t e r  e n t r a i n m e n t  and d i lu t ion  of the cloud . Thi s
• process will r esu l t  in an accelera t ing  ra te  of en t r a inmen t  as

as the cloud PCM r e m a i n s  in the t r ans i t i on  range .  Provided that

water dep th is g rea t  enoug h or cloud s i z e  small enoug h this

acce le ra t ing  e n t r a i n m e n t  will eventual ly  i nc r e a s e  the cloud’ s

• m o is t u r e  Content  to the point that it en ters  the “ l iqu id”  range
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and , by the t ime  of bottom impact , i ts  be havior may have become

charac te r i s t i c  of the “ liquid” dump mode.

Thi s description of ent r ainment and descent behavior is tentative

since it is based on lim ite d data on PC M eff ect as a funct ion of

clo ud size and wate r depth. However • if ver i f ied it does provide

a physical. basis for the observed “ solid , ” “liquid” and “transi-

tion ” dump modes. For dumps with mois ture  content below the

critical PCM value the entrainment coeff icient  will be zero  and

entrainment will not occur so that , regardless  of depth or size of

dump , descent will be in the “ solid” mode. Above that value ,
however , the descent mode will be dependent on dump size and

water depth. For high ratio s of depth to size , mat er ia l s released

at initial PCM in the transition range may have sufficient descent

time to reach the liquid PCM range (by entrainment) before  impact ,
while for low depth to size ratio , only material released at
relatively high initial PCM will reach the liquid range before
impact . Thus , a small dep th to size ratio would be associated with

a long transition range and a relatively high bound to the “l iquid”
range. At large depth to size ratios a shorter transit ion range
and a lower bo und to the “liquid” range would be expected.

Again it must be emphasized that the hypotheses presented here
must be considered as tentative physical explanations of the
observed phenomena. In support of these hypotheses , however ,
are , first , the observed relationship between entrainment

coefficient and moisture content and second , the observation that,
for dump s with initial PCM in the transition range , snlrainrnerit

coefficient does indeed tend to increase during descent .

For the materials under study (clay and silt) est imates of the

PCM ranges for “ solid , ” “liquid” and “transi t ion” dump modes

have been made. These are based on limited data f rom the
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l a r g e  tank t e s t s  and these  w e r e  not desi gned to examine a wide

range  of m o i s t u r e  c o n te n t s  in comb ina t ion  with va r i a t ions  of dump

dep th and s it e .

d . Tes t s  in Smal l Tank s

While cond~ict i i~g t h e  e xp e r i m e n t s in the l a rge  tanks it was o b s e r v e d

that mcurrl in g of sol ids  on the tank f loor was closely re la ted  to the

pe rcen t  m o i s t u r e  in the  d r e d ged mater ia l, Signi f ican t  d i f f e r e n c e s

in behavior  ~~c re  noted with changes in percent  m o i s t u re  fo r  both

silt and clay. A s e r i e s  of t e s t s  were  developed to invest igate  the
relat ionship between pe rcen t  m o i s t u r e  and the extent and na tu re  of

mounding fo r  both of the material  types prev ious ly  used in the

large tank experiments .

Tes t s  w e r e  per fo rmed  in an aquar ium with sur face  dimensions of

30 inches by 12 inches by 18 inches  deep with a capacity of about

28 gallons. During the tes ts  the water  depth was maintained at

16 inches. Dredged mater ial  dump s of 100 ml oc tu red  slightly
below the surface by manually sliding a sheet of p lastic away f rom
the face of a 2-inch diamete r cy linder.  This method of release was
f ound to be sim p le and effect ive , althou g h movies revealed that the

sliding act ion did sli ghtly affect the initial behavior of the material
in some cases. As the dredged material settled , motion p ic t ur es ,
color slide s , and black an d white photographs were  taken to
document the descent through the water and degree of mounding on

th e bottom . To assist  in interpret ing the pic tures  aluminum
meter sticks were  positioned on both sides of the dump point along
the c enterline of the tank .

The mater ia ls dumped w e r e  t e rmed  silt and clay and had the

• following characteristics :
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Silt Clay

percent - sand 13 2
silt 57 53
clay 30 4 5

O r i g inal (unmixed)  PCM 96 169

Volat i le  Solids , pe rcen t  5 . 5 7 . 4
Liqui d Limit(PCM) 47 78

The two materials are seen to be f a i r l y  similar with the clay having
part ic les  of somewhat smaller size , more  or ganic matter , an d a

cons iderab l y hi gher or ig inal water  content . Figure  3-100 and 3-101

show d i sp ersed  and non-gra in  size anal ys i s  for  the 2 mater ia ls .

A few minutes after  each dump the water  level in the aqua r ium was

lowered  with a pump to approximately one inch so that ove rh ead

p hotographs and measurements  of the mounds could be made.

Descr iption of the mounds included both lateral extent and dep th
of deposit where  appropriate.  The percent moisture of the dred ged
mater ia l  was var ied by adding appropria te  amount s of tap water  and

mixing with a laboratory s t i r rer .  A portion of each sample was

later tested to determine its percent moisture (PCM). A descri ption

of each test dump follows.

Silt - 96 PCM

Thi s drop was at the ori ginal samp le water content of 96 PCM. The

dred ged material did not break up dur ing descent , but moved t o w a r d

the f ron t  of the tank d u r i ng  descent  as shown in Fi g u r e  3- 102 .  No

dispersion resulted and the mound had a height of 3. 9 cm.

Silt - 108 PCM

The dred ged mater ial  broke up somewhat dur ing  descen t  and it

appeared that if the depth were greater , the solids would have

3-214
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continued to break up. As seen in Figure 3-103, impact was at
the center of the tank after which most of the material slid

across the tank bottom as a single mass. The maximum depth
of silt in the upper left of the f igure  was 1. 1 cm and averaged
about 0. 75 cm. No material was deposited except where  obvious

lumps occurred.

Silt - 114 PCM
The dred ged material descended in a cloud and on impact a large

portion of the solids slid across  the tank bottom to form a ring

shaped deposit as shown in Figure  3-104. The ring was approxi-
mately 30 cm in diameter with a maximum height of 0. 7 cm. The
average height was about 0. 5 cm. Material also accumulated at
the center of ring, but dep th of this deposit was only 0. 1 to 0. 2 cm.
Almost no depositing of individual particles was noted .

Silt - 159 PCM

The release of silt at 159 PCM resulted in a fa i rly  even di stribution
of solids across  the tank bottom , but a tendenc y to a ring for mation

remained as shown in Figure 3-105. The en t i re  tank bottom had

some accumulation of par t ic les  indicating that as a resul t  of
descent and impact , the dred ged material  became well d ispersed
in the water column . The maximum depth of depos it was  0. 2 cm
at the center of the dispers ion pat tern.  At the ed ge of the ring
the depth was 0. 1 cm and outside the ring the deposit was less
than 0. 1 cm deep at all locations.

-; Silt- 198 PCM
The silt at 198 PCM spread uniformly over the entire tank so that
at all locations the depth of deposit was less than 0, 1 cm. Thi s
may be seen in Figure 3-lOo .

3-218
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Fig u r e  3-104. Silt 114 PCM
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Figure 3- 106. Silt - 198 PCM
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Clay - 169 PCM

The clay at the  or i g inal  per cen t  m o i s t u r e  of 169 PCM fell as one

piece excep t b r  :1 small amount which adhered  fo r  a short  t i m e

to the dump con ta iner . The main p or t i o n  t e l l  t u w ar d  the back of
the tank dur ing  desceot  and did not break  up on impact although

it did become somewhat f la t tened . The p or t ion  which lef t  the

dump container  a few seconds later  fell to the c enter of the tank

and also did not break  up on descent  or impact  hut  r ema ined  near

the c e n t e r . The pos i t ions  of these  lump s a rc  shown in Fi g u r e  3 - 1 1 17 .

The l a rger  por t ion  was about 2 . 1 cm thick and had a d i ame te r  of

8 cm . The largest  of the o ther  pieces was 5 cm b y I - 5 cm and

0 . 8 cm thick .

Clay 
- 

198 PCM
Again , as with the 169 PCM dump,  most of the mater ial  lef t  the

container  at onc e , hut a small portion fell approximately one

second later .  The la rge  por t ion  a l tered its shape to a more

rounded confi guration as it fell and when it hit the bottom it

f lat tened and slid about 13 cm across  the tank bottom without

breaking up as shown in Figure  3-108. Its d imens ions  w er e  then

about 13 cm by 8 cm and 1. 3 cm thick . The smaller por t ion

remained  at the center  where  it fell and was 8 cm by 5 cm and

0. 75 cm thick . A still smaller  amount of ma t e r i a l  spread a c r o s s

the bo t tom hut  r ema ined  in lump s r ather than break ing  up to

individual pa r t ic l e s .

Clay 
- ~ 11 PCM

Again the  clay fe l l  as a s ing le mass  and sl id a c r o s s  the bo t tom .
Most mate r ia l  was  in a p o r t i o n  of the total dump which slid into the

wall of the tank a f t e r  impact . As shown in F i g u r e  3 -109 ,  the

mate r ia l  r e m a i n e d  in l a rg e  a g g r e g a t i o n s  and cl i c] not b reak  down

into i n d i v i d u a l  p a rt i c l e s . The l a r g e  port ion  w a s  about  23  cm long

b y 4 cm wide and 1. 0  cm th i ck .  Other  l a rge  lump s of m a t e r i a l
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ranged f rom 0 . 3 to 0. 5 cm thick, but most of the tank bottom

containe d no deposit .

Clay - 237 PCM

At 237 PCM the clay spread out fa ir ly  evenly over the tank bottom.
A ring shape was formed as shown in Figure 3-110 with a

diameter of approximately 25 cm , but the maximum hei ght of
S deposit along the ring was onl y 0. 3 cm and averaged 0. 2 cm.

At the center of the ring the deposit thickness was 0. 1 cm and

between the center and the ring the thickness decreased to less

than 0. 1 cm. Outside the r ing th e thic kness  was al so less than

0. 1 cm , but at least a dust ing of solids was present  throug hout

the tank.

Clay 
- 

246 PCM

A rap id spread across  the bottom o c c u r r e d  when the water  content
was 246 PCM. As shown in F igu re  3- 111 there was some tendency
to for mat ion of a r ing ,  hut the thickest  deposit  along the r ing  was

only 0. 1 cm while at the center  the th ickness  reached 0. 2 cm.
Solids we r e depos ited th rou ghout the tank to a f a i r ly  un i fo rm

depth , but clumps could still he seen.

Discuss ion  of R esult s 
-

The purpose of thi s se r ies  of tes ts  was to de te rmine  the effect  of
the mois ture  content of dred ged matérial  on the degree  of mounding,

It was found that the water . content  has a ve r y  pronounced ef fec t  on

dispersion and subsequent mounding.  Below a c r i t i ca l  mo i s tu r e
cont ent the mass of par t ic les  acts as a sing le unit  and settles

- - - 
with very little dispers ion .

As the moisture content is in creased, the dumped mater ia l  break s up
in the water column and on impact to fo rm a ring pat tern  with
smaller amounts of material wi th in  the r ing  and sti l l  less d i s t r ibuted

3 - 22 ~
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o u t s i d e .  When the mois tu re  content  is ~~cm ased  ~~yond a - econd

c r i t i c a l  point the r ing  pa t t e rn  is obscu red  and w i d e s p r e ad  and

gene ra l l y  uni fo rm d i spe r s ion  r e su l t s . It appears  that in this

reg ion rap id ent ra inment  of wate r  into the set t l ing mater ia l

aids in d i spers ion. At lower m o i s t u re  content  the individual

par t i c les  remain in l a rge  clumps which  g r e a t ly limits the

d e g ree  of en t ra inment .

A great  deal of d i f f e r e n c e  was noted 1)etween the mounding

c h a r a c t e r i s t i c s  of the silt and the clay.  While the r e su l t s  w e r e

essent ia l ly  ident ical  qua l i ta t ive ly, the PCM at which the d i f f e r e n t

types of behavior o c c u r r e d  for  the silt and clay w e r e:

No Dispers ion  Ring-Shaped to

— 

to Ring-Shaped Un ifo rm Di spe r s ion

Silt 110 PCM 160 PCM

Clay 22 0 PCM 2 50 PCM

F i g u r e  3 - 1 1 2  shows the maximum mounding hei ght o b s e r v e d , as a

func t ion  of percent  m o i s t u r e  and p ercen t  sol ids .  The silt is  seen

to mound at a lower percen t  mois ture  than the clay and the

t r ans i t i on  zone appears to be more  ab rup t .

F igur e 3- 113 shows the rnounding as a func t ion  of multiples of the

• liqui d l imit  of the mater ia l .  It appears  as though the two ma te r i a l s

can be c h a r a c t e r i z e d  as mounding  for  multiples less than 2 and

f lowing  for  mult iples g rea te r  than about 3 . 3. Thus , the t r a n s i t i o n

r a n g e  be tween  total rn oun d ing  and total  d i sp e r s i o n  is seen to he

small , f o r  the depth and ma te r i a l  vo lumes  of t he se  t e s t s .

— Exac t  i d e n t i f i c a t i o n  of the t r a n s i t i o n  point s may be somewhat

u n c e r t a i n , but  it is clear that the behav io r  of the two m a t e ri a l s  i s

d i f f e r e n t . The silt is seen to have a tend ency to d i sp e r s i o n  at a

. -- 4 — . —  — - -—--•-- —-4— - — .— - -F- - - ~
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lower water content than the clay. This is probably due to

consi derably lower cohesive f o r c e s  between the silt part icles

as compared to the clay pa r t ic l es .

It should be emphasized that these  tes ts  w e r e  run  in only 16 inches

of water  and that the same relat ionships may not hold as the depth

is increased.

F. Conclusions

1 . Dred g ing Phase

The  l i t e r a t u r e  r ev iew , coup led v.ith o b s e r v a t i o n s  and m e a s u r e m e n ts

n~ade du r ing  thi s phase  of the stud y indicate  the fo l lowing:

a. The  capab i l i t y e x i s t s  to maneuve r  the dred ge a n y w h e r e  in

San F ranc i sco  Bay wi th  a navi ga t ion  ac c u r a c y  of s eve ra l  fee t .

However , c lamshel l  and c u t t e rhead  dred ges have inhe ren t ly bet ter

control  for  select ive remo val of small vo lumes  of m a t e r iu l .  Hopper

dred ges a r e  m or e  e f f e c t i v e  when used to dred ge a channel , r a t h e r

than a d i s c r e t e  spot .

b. All t h r ee  type dred ges genera te  nea r - f i e ld  e f fec t s , such as

t u r b i d i t y  and oxygen dep letion in the wa te r  column . While  the

e f f e c t s  a re  hig hly v a r i a b l e  and depend on the type mate r ia l  being

dred ged , t h e r e  is reason  to believ e that the t u r b i d i t y  p lume

behind a c lamshel l  d red ge and an o v e r f l o w i n g  hopper d red ge is

probabl y hi g her  t han  b e h i n d  a c u t t e r h e a d  d red ge. For ma te r i a l

con t a in ing  a hi g h p e rc e n t a g e  of c l a y - s i z e  p a r t i c l e s , the en t i r e

wa te r  column is  a f f e ct e e  and t h e r e  seems to be l i t t l e  change  w i t h

range down s t r ea n . For ma te r i a l  con ta in ing  l a rge  f r a c t i o n s  of

silt and sand , t h - r e  ap p e a r s  to be a d e c r e a s e  in the  t u r b i d i t y  in

the lower p a r t  of t h e  ~ . t t c r  co lumn  as r ange  d o w n s t r e a m  i n c r e a s e s .

3 -227
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c~ Oxygen depletion c a r.  o c ce  r in the w a t e r  co lumn  downs t r eam

of any dred ge but the ef fec t  is p r obab l y minimal  due to d i lu t ion .

In the case of a c lamshel l  dred ge , e levated oxygen leve l s  hav e

been obse rved  clue to the  aeratio n that takes p lace when the

bu cket  is l i f ted th roug h the water  column . Overf low of

low-oxygen water  f rom a barge  does not appear to si g n i f i c a n t l y

r e d u c e  the oxygen levels  in the su r f ace  w a t e r .  This is p r o b ab l y

t r u e  for the vi eir overf low water  f r o m  the hopper dred ge as well .

d . For values  of sediment  oxygen demand of i n t e r e s t , t he re  is

no si gni f icant  sa t isfact ion of the demand due to the d red ging

opera t ion  fo r  any of the dred ge types used in San Franc isco  Bay.

e . The m o i s t u r e  content  found in situ and in a barge  f i l l ed  b y a

clan shell d red ge in Alameda were  approximately the same. There

is e v e r y  indicat ion that clamshell d red ges can recover  dred ged

material  at approximately the same moi s tu re  content  as in s i tu .

However , the var iab i l i ty  within a barge pocket is qui te  hi gh and

depends on the degree  of d i s turbanc e that the  d red ge impar t s  to

the mate r ia l .  Mois ture  content  within the ba rge  pockets  is

dependent on the way that the barge is filled . If a ba rge  w e r e

allowed to overf low as a hopper dred ge does , the observed  hi g h

mois tu r e content near  the su r face  in the end pocket s would

undoubted l y dec rease .  In general , the mean mois tur e conten t  for

a total b a r g e  load when fil led with a clamshell can be qui te  c lose

to the in si tu m o i s t u r e  content .

1. Mois tu re  content  in the hopper dred ge was  found to be lo~-~ in

the lower por t ions  of the hopper and exhibited a steep grad ien t  in

the upper port ion  of the hoppers .  In the case of Mare  Island , the

values  in the lower  por t ion  of the  hoppe r s  approached the  in s i tu

value for  Mare  Island S t r a i t s .
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g.  The h op p er s  appear  to con ta in  two d i s c r e t e  l ay e r s .  The
bot tom layer  is r e l a t ive ly  homogeneous  and of lo~ -~ o i s t u r e
conten t  app roa chin g  the  in s i tu  v a l u e . On top of th is  l aye r  is a
hi g h cr a d ie n t  l aye r  w h i c h  s lowl y se t t l e s  out over  t ime.  The
d i v i d i n g  l ine  be tween  t h e s e  two l a y e r s  can be con t ro l l ed  b y
- ) n t r o l l i n c  t h e  amoun t  of o v e r fl o w  al lowed . The longer the
ci red ge o p e r a t e s  the  deeper  the  low m o i s t u r e  conten t  layer
b ecomes . The loca t ion  of thi s d iv id ing  line v a r ie s  f r o m  hopper
to hopper  and is dependen t  p r im a r i l y on the se t t ings  of the
, a r t i t i u n s  on the  c h u t e  i np u t s  w h i c h  con t ro l  the  d i s t r i b u t i o n  of

ma te r i a l  coming out ci the p i pel ine .

h . Shear  s t r c i i g t h  m e a s u r e me n t s  in the  d red ged mater ia l  w e r e
hi g hly v a r i a b l e  in the clamshell  and v e ry  low in the hopper d red ge.
Sinc e the in s i tu  va lues  of m o i s t u r e  con t en t  a re  close to , o r a b o v e ,
the  l iquid  l imi t s  for  the ma te r i a l s  measured , the shear s t rength

mus t  be low b y de f in i t i on .  T h e r e  is eve ry  indication that the

shear  s t r e n g t h  in ma te r i a l  d r e dg e d  with  a p ipel ine  or hopper d red ge
should be approx imate l y z e r o . W i t h  a c lamshel l  d red ge , the

va lues  should range f r o m  zero  t o m  si tu , depending upon the way

the c lamshel l  obtains  and r e leases  the mater ia l .  Shear s t r eng ths
gene ral l y w e r e  under 100 ps f . Shear s t reng th does not appear to
be a good desc r i p tor  for  dred ged mater ia l s due to t he i r  r e l a t i v e l y

hi gh wa te r  content . Thixotrop h y does not appear to he s i g n i f i c a n t

over  the t ime in t e rva l s  of i n te r e s t .

i . Pene t r a t i on  and s inking sp h e r e  t e s t s  did not yield any
u n e xp e c t e d  r e s u l t s  c o n c e r n i ng  b . : -t r i n ~ s t reng th  of the ma te r i a l .
How e v e r , the  s i n k i n g  sp h e r e  appear s  to be an excellent anal ytical
t~~ol f o r  h op p e r  d r e d ge use  as i t  can measu r e  the  ap pr o x i m a t e

locat ion of the  low m o i st  or e  c o n t e n t  i n t e r f a c e .  E xp e r im e n t s  w i t h
d i f f e r e n t  d e n s i t y  sp h e r e s  could y i e l d  a v a lu a b l e , yet simp le t ool
f o r  h op p er  d r e d ge ope ra to r s  to a s s e s s  the  e f f e c t i v e n e s s  of t h e i r

3 - 2 2 9

1.

‘p.. - 

-;7:- ;~~~~~ 

F- 

~~~~~~~~~~~~~~~~~~~ 
— 

I - 7 ~ :, -



drag~~rm opera tors , the s e t t i ngs  of the chute d i s c h a r g e  ba f f l e s ,

and other operat ional  var iables .

2 . T ranspor t  Phase -

a . V ib ra t i ons  appear to have l i t t le  e f f ec t  on the moi s ture  content

of the  material  in the hoppers  but ship maneuver ing  appears  to

cause  shi f t ing  of the material  which re leases  pockets  of water  and

r e s u l t s  in settl ing of the material . Settling of the hi gh grad ien t

upper  vo lume of the hopper takes  p lace but this  ef fec t  r e q u i r e s  t ime.

Over  a period of one hour a f t e r  dred ging ceases , thi s can add

severa l  feet  of low moi s tu re  content mater ia l  to that in the bottom

of the  hopper .

b . Vibrat ions  measured  on the HARDING were  extremely low .
There  is a coup ling loss between the walls  of the hoppers  and the

dred ged mater ia l  in the hoppers .  One of the l a rger  sources  of

v ib ra t ions  dur ing  the dred ging phase is the pump .

c. There is a tendency for the moisture content at a given depth

in the hoppers  to decrease  with t ime.  This  is most preva lent  in

the upper half of the hopper where  the mois tur e content is hi gh .

d. Maneuvering of the vesse l  caused water  trapped in the lower

p o r t i o n s  of the hopper to be re leased allowing set t lement  of the

low mois tu re  content  l ayer .  It was also noted that the top of thi s

layer  sh i f ted  s ignif icant ly as the vesse l  heeled.  Settling mi g ht ~~
enhanced b y maneuver ing  the vesse l  but thi s e f fec t  is p rob ab l y

not si gnif icant .

e . M e a s u r e m e n t s  over  24 h o u r s  demons t ra ted  that thixotrop hy
is not an impor tan t  p a r a m e t e r  over  the t ime per iods  that dred ges

n o r m a l l y  t r ans i t  to a d i spo sed  area . How ever , the  e f fec t  was

si gnif icant  in ma te r i a l  s tored in ba r r e l s  for  8 weeks .
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I . C om i ip a r i s o n s  of static and v i b r a t e d  samp les demons t ra ted

that v i b r a t i o n s  in the f r equency  range  f rom 0. 2 to 60 her tz  have

v i r t u a l l y no ef f ec t  on the set t l ing of the d red ged m a t e r i a l .  T h e r e

was an ind ica t ion  that for  hig h m o i s t u r e  content s the  sett l ing ra te

is actual l y dec reased  d u r i n g  v i b r a t i o n , hut  th is  effect  is p r o b a b l y

~ot si g n i f i c a n t .

g. For the  samples t e s t e d , shear  s t r e n g t h  was  ext r eme l y low

and did not i nc r e a se  wi th  v i b r a t i o n s .

h . It can be conc luded  that v i b r a t i o n s  such as those  m e a s u r e d

on the HARDING do not have a si gn i f ican t  e f fec t  on the  p h ysical

c h a r a c t e r i s t i c s of d red ged m a t e r i a l s . However , motions
induced  b y m a n e u v e r i n g ,  and poss ib l y b y v e s s e l  motions in a

sea way, do cause  a d e c r e a s e  in the  ave rage  m o i s t u r e  content  in
the  lower  p or t i o n s  of the hopper .

3 . Disposal Phase

a. There  is  ve ry  l i t t le  data av— t i l a h le  in the l i t e r a t u r e  which

can be used  to quant i f y the  h ypo thes ized  behavior  of d red ged

— mater ia l  when disposed of in open w a t e r .

b. Exis t ing  mathen~a t ical  models , such as the Koh Chang and the

Kr i s tnappan  models , do not allow adequate  descr i ption of the

dred ged material  ph ysical  cha rac t e r i s t i c s. When these  models

a re  used to pred i c t  the dynamics  of the scaled tes ts  conducted

on thi s stud y the r e s u l t s  a re  u n s a t i s f a c t o r y.  Neither model

prov ides  the capabi l i ty  of i n se r t ing  m o i s t u r e  content  as a p a r ame te r

whereas  the  o b s e r v e d  mounding  and bot tom flow is hi ghly dependent

upon this  p a r a m e t e r .

c . For m a n y  of  the cases  of i n t e r e s t , invo lv ing  low to medium

m o i s t u r e  contents , scal ing is f e a s i b l e  us ing  the F roude  n u m b e r .

- 
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Thi s is a valid method for  cases  w h e r e  iner t i a l  e f f e c t s  p r edomina te

and the  dump behaves as a cloud rather than as ind iv idua l  p a r t i c l e s .

Froude number  scaling appea r s  to be appropr ia te , fo r  the cases  of
i n t e r e s t , t h r o u g hout the descent  phase  and over a port ion of the

bottom flow phase .  When in the region  whe re  d i f fu s ion  is

p r e d o m i n a n t , F roude  number  scaling does not appear to he

app l icable .

ci . The descent veloci t y show s three  di stinct phases ;  an
i~~co l er a t i o n  p hase , an equi l ib r ium velocity phase , and a

dece le ra t ion  p hase . In general , the accelerat ion phase is v e r y
sh o r t , perhap s r each ing  the  equi l ibr ium velocity before  the
ma t e r i a l  leaves the dump conta iner .  In some cases  the clay
mate r i a l  appeared to reach  the decelera t ion phase be fo re  the
mate r i a l  lef t  the con tainer .  For some mater ial  c h a r a c t e r i s t i c s
(i . e. ,  low moi s tu re  content)  the equ i l ib r ium veloci ty was
maintained unti l  impact and t he r e  was no dece lera t ion  phase .

The collapse phase and bottom flow phase appeared to be
hi ghl y dependent on the mater ial  cha rac te r i s t i c s .  Low mois tu re
conteht  resul ted in mounding  d i rec t ly  under the dump point , l i t t le
ho r i zon ta l  t r anspo r t  of material , and low bottom flow veloci t ies .
Hi gh m o i s t u r e  content was jus t  the opposite.  There  appears to be
a t r a n s i t io n  zone between these  two extreme s and i t s  s ize appears
to be re la ted  to the mater ia l  physical  cha rac t e r i s t i c s, the dump
vo lume , and the dep th in which the dump takes place.

f .  For the dump v e s s e l s  simulated in this stud y (ba rge  and hopper
d red ge) the re  appears  to he little change in the ultimate d i spers ion
p a t t e r n  ac h i e v e d.  A number  of r esu l t s tend to indicate that for
t h e  cases  of i n te r e s t  the s i7e  and shape of the  dump vessel’ s
o p e n i n g  is of secondary  impor tanc e and that  the more  impor t an t
p a r a m e t e r  is the  volume of the mate r ia l  tha t  is d u mp e d .  The
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s ize  and shape of the  opening appear  to have  an a f f e c t  on the

descent  c h a r a c t e r i s t i c s  f o r  a short  pe r iod  of t ime while l eav ing

the v e s s e l .  A f t e r  that the r ema inde r  of the descent  phase  appears

to be re la t ively indep endent  of the  dump conta iner  c h a r a c t e r i s t i c s .

g. Dump ing in f r e s h  wa te r  or salt wa te r  appear s  to have l i t t le

e f f ec t  on the d i s p e r s i o n  ac h i e v e d . The descen t  ve loc i ty  appeared

to be somewhat  high e r  for  the salt  wa t e r  drop  of clay mate r ia l  than

it was  for  f r e s h  w a t e r .  In the case  of low m o i s t u r e  silt , the

descen t  ve loc i ty  was  also hig her  in salt wate r  and the mater ia l

did not appear to break  up on descen t  as eas i ly  as it did in fr e sh

wa te r . Other  than fo r  a sli g htl y hig her descent  ve loc i ty ,  however ,

we fee l  that the p r i m a r y  e f f e c t  due to water  typ e (if any)  would

.~e f loccu la t ion  in the  t u r b i d i t y  cloud

h . The S i, .e ~v o lume )  of the dump and the dep th of the wa te r

that it takes place in hav e a si gni f icant  e f fec t  upon the d i spe r s ion

pa t te rn .  Volume and dep th a r e  in t imately  re la ted and may be

scaled under  many  cond i t ions  of i n t e r e s t  using the Froude number .

While the e f f e c t s  a r e  also re l a t ed  to the  mois ture  content  of the

mater ial, it appears  as thoug h descent  ve loc i t ies  inc rease  and

ent ra inment  d e c r e a s e s  wi th  i nc reas ing  dump volume.  The

a v e r ag e  bottom flow ve loc i ty  i n c r e a s e s  wi th  i nc r ea s ing  dump

volume , as does the percen tage  of mater ia l  in the v i c i n i t y  of the

imp act  poin t . For the  m a t e r i a l s  tes ted  (PCM 190) the en t ra inmen t

coe f f i c i en t  is independen t  of dump volume . For a g iven dump

volume the descent  p r o f i l e  appears  to he independent  of depth

thus the cha rac t e r i s t i c s  o b s e r v e d  on a shallow dump may be

extrapolated to a deeper dump . However , thi s is  not t r u e  in the

f i r s t  two fee t  and f u t u r e  t e s t s  should have a m i n i m u m  depth of

fou r  fee t . For a given  v o l u m e , dump i n g  in shal low w a t e r  r e s u l t s

in a smaller  d i sp e r s i o n  p a t t e r n  on the bot tom than  is ac h i e v e d

when d imp i n g  in deeper  w a t e r .  Scal ing the  r e s u l t s  of the
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four foot and nine foot drops verified that Froude number scaling

is va lid for some parameters  of interest .

1. Mois ture  content appears to be the predominant cha rac te r i s t i c

affecting the dispersion achieved when bottom dumping in open

w a t e r . There appear to be three ranges of PCM of imp ortance;
the °solid phase ,” the “ t rans i t iona l”  phase , and the “l iquid” phase .

For  mate r i a l s  wi th  PCM’ s in the solid range , dump s are

c h a r a c t e r i ze d  by a v e ry  rapid descent phase , little cloud g rowth

and l i t t le  spreading of the material  on impact.  The mater ia l  fal ls

as a blo ck , at equil ibrium velocity,  and entrainment is negli gibl e .

M o s t  of the mater ia l  mounds direct ly under  the dump point .

The l iqu id  phase is cha rac t e r i z ed  by a slower descent  phase , the

cloud expanding due to entrainment , and a rap id flow of mate r ia l

ac ro s s  the bottom af te r  impact.  There  is little , or no mounding .

The t rans i t ion phase is cha rac t e r i zed  by condit ions that va ry  f r o m

the solid to the liquid phase.  Thi s phase is var iable  in width

(PCM) and the upper bound (the beg inning of the l iquid p hase)  is a

funct ion  of dep th and volume as well as mater ia l  type.  Mate r ia l s

that start  their descent wi th  PCM values  in the “t r a n s i t i o n” phase

may conver t  to the “l iquid” phase whi le  descending ,  due to

entrainment of water  (henc e increas ing their PCM) . We a re

h ypothes iz ing  thi s behavior of the t rans i t iona l  phase , based upon

several tests in the large tanks and the aquariums.

There is some indication that cohesive materials  flow less (mound s

more)  than non-cohesive material s and thi s may be due to the
ver t ical  momentum being d iss ipated on impact by hav ing to ove r come

the cohesive f o r c e s .  If thi s is t rue , d ump s from a barge filled by

a clamshel l  d red ge mi ght exper ience  less d i sp e r s i o n  than dump s

f r o m  a hopper d red ge , for  the same moi s tu re  content .
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Th er e app ear s to be a re lat ions hip be tween the liq uid limit of

materials and their position in the solid , transition , and liquid

phases mentioned above. Preliminary tests show that materials

wit h a percent  moi sture less than twice thei r  liquid limit are  in

the solid phase and above 3. 3 t imes the i r  l iquid  limit they are  in

t h e l iquid phase. These tes ts  were  conducted in a small aq ua r ium

and t he 3 . 3 multiple will probably change with volume and dep th .
However, it is hypothesized that the bound for the solid phase

(2 x LL) will remain the same.

G. Recommendat ions

1. D red g ing Phase

The dred ging operation modifies sediment ph ysical  characteristics

and there is an observed change in percent  mois ture , percent

solids , d r y  densit y, wet  densit y,  shear  s t rength , bearing s t re ngth ,

etc. It is not clear  which c h a r a c t r i st ic  best desc r ibes the changes

due to the d r ed g ing operation that a r e  most important to the behavior

of the mate r ia l  durin g dumping. The mate r ia l  a p p e a r s  to fall into

a region that is i n t e rd i s c ipl i n a r y  (between c l a s s i c a l  soil and fluid

mechanics).  Studies should be conducted  to es tabl ish  which ph ysical

c ha rac te r i s t i c s  a re  the most important .  Once  these cha rac t e r i s t i c s
are identified , field m e a s u r e men t  should be arried out to de termin e

the values in situ and as a fum tiun of dred ge type.  Th i s  d at a  may
then be used to p r e d i c t  the  b e h a v i o r  of the  m a ter i a l  when  dumped

in open w a t t -  r .

2 . T rar i spo  rt  P ha s e

Set t l ing ,  and thy  void ing  ot  pocket.~ of w a t e r  app~ ~ r t~ t~~i~- - p lace as

the hoppe r ~ i-ed ge t u r n s  ~ :~ -r~ ~~~-~ i o - ~~ i r s .  It is i i - e o r ’ ’m cn d -d t ha t  a

monito:  ~ng p rog  r am be sta r tcd , us i z i ~~ s in k i n g  sp i i -  r i - s to e s t i  ) l iSh

t b -  i i i a g n i t 1 -  ot  this c - f l , -  t and i j  d & l t - r m i n i -  ~~l a - t h - r  or  not  it is

1)() ~~S i O 1  to si~~n i l i  tn t1~ 1.fl . r ise  the  d r e d g -  p ay load v i a
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maneuverin g and then addin g more  dred ged mate rial. In ca ses
where  the moisture  content is just  slig htl y in excess of the

maximum value for which m ’unding will occur , this act ivi ty
cou ld possibly dec rea se  the moisture content sufficientl y to cause
mounding. Sinking sphere measurements  could also y ield
valuable information on how to maximize the performance of the
d r a g a r m ope rators and optimize the settings of the chute baffle s.

A p rogram utilizing sinking sphere  tes ts , supp lemented by samples
obtained using the relatively simple syr inge  sampler would sub-
stantia lly increase the understa nding of the importance of settle-
ment time and maneuvering on the behavior of dred ged material .
It wou ld als o y ie ld valuable input information that could be used
to estimate the behavior of material  af te r  it is dumped in open
wate r s ,

3. Disposal Phase

The small and large  test tank investigations demonstrated that the
physica l characteris t ics  of dred ged mate r ial a re  highly significant
as related to the dispersion of the material  when bottom dumped .
There appears to be a significant di f ference in parameters  such as
descent and impact velocity, cloud radius , mounding, an d bottom
flow as a function of mois ture  content. These d i f f e rences  should
he invc.~ti~ ated turthe r to define the controlling cha racter is t ic s
and to quant if y their effects more precisely. The importance of

ohesi ven ess shou ld be in ves tigated fu r the r . The relationship
-; between liquid limits and material  type should be f ur t h e r  investi-

gated for a number  of d i f f er e n t  type dred g ed mate r i a l s, Full
scale tests should be conducted to ver i f y the effects  sc-en in the
laboratory and to establish the feasibility of Froude numbe r
scaling as an alternative to sophisticated mathematical modelling.
Once the control l ing physica l  c h a r a c t e r i s ti c s  a r e  identi f ied , and
the scaling laws ver i f i ed , it will be possible to pred ic t  the d e s c en t ,
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impac t , mound ing ,  and flow b e h a v i o r  fo r  ma te r i al  d r e d ged f r o m

any pa rt of the  Bay. This wil l  be a valuable input for  e n v i r o n m e n t a l

impact s ta tements  and ass i s t  in esta blishing the shor t  and long

t e rm behavior  of mate r ia l  when bottom dumped in open w a t e r .
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IV. EVALUATION OF INTERTIDAL DISPOSAL

The San Francisco District in recent yea r s  has been planning,
res earching , and beg inning to imp lement , the creation of tidal wetlands
using dred ged material  as a base. This program can achieve two
worthwhile goals:  restorat ion of some of the large area of wetland
which has been lost by diking and fil l ing, and disposal of dred ged
material  in such a way as to be environmental ly beneficial.

Early studies  by the Di s t r i c t  hav e emp hasized the biological aspects of
marsh building [1, 2 J . It has been pointed out by Kerr  and Cali [3
that many of the available studies of marsh building have been on
san dy subs t ra tes , and that “ li t t le  iz known about art if icial  marsh
establishment and growth on organic , silt , and clay subst ra tes . ”
Most of the dredgings from San Francisco Bay are clays and silts.

Another s t imulus  for the biological emp hasis in the District’ s stu dies
is the uniqueness of mar sh  plants indi genous to the Bay Area .  The most
important of these are Spartina foliosa and Salicornia pacifica. Much of
the available l i terature on marsh  establishment has resulted from w o r k
on the Atlantic and Gulf Coasts , where  the plants of interest  a re  t yp ic-ally
Spa rtina alterniflora and , at higher  elevations , Spartina patens.

To complement the biological studies of germination, growth , and

transplanting, there is a need to evaluate certain specific quest ions

related to physical and engineering considerations.  These items for

stud y, ide nt if ied by the Distr ict  for  this contract , are discussed in

thi s chap te r :

F A) Control l ing fill elevations

B) Methods of opening the area to tidal action (all proposed
marsh building sites are behind existing dikes)

C) In ter t idal  s tabil izat ion of sediments

D) Laboratory studies to evaluate movement of salt f rom
the beds of abandoned evaporation ponds through dred ged
mate r i al .
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A. Controlling Fill Elevations

1. Need for  Control

-: E levat ion

There are a very tew spec ies  of plants which dominate the exist-

ing sal t  marshes of San Francisco Bay. Since these marshes are

highl y p roduc t ive  and o f f e r  a suitable habitat  to many des i rab le

fauna l  g roups . it is log ica l  for those who would build new marshes

to a t t empt  the es tabl ishment  of those plants found in exist ing

m a rsh e s .  Those  plants dominate the m a r s h e s  la rge ly because  of

the cyclic floodin g and ebbing of t idal wa te r s .  Each plant ( fo r

example , Salicornia pacifica and Spartina foliosa) f avo r s  a gen-

t -r a l  zone of elevation which can be c h a r a c t e r i z e d  b y an approxi-

nhate  ra tio of time submerged to time exposed. Accordin gly, to

es t ab l i sh  these plant communities, the subs t ra te  must  begin and

remain a t an elevation at which these plants can thrive.

The m a r s h e s  of the Bay A r e a  have been studied by many investi-

ga to r s  with r e spec t  to the relat ionship of plant groups to eleva-

tion in the in ter t idal  zone. Pestron~~[4 ] descr ibed  tide ranges ,

present ing  the data repeated here in  as Table 4- 1. Anothe r
r e p o r t  [ i t  d i s c u s s e d  the  e l eva t i on s at w h i c h  v a r i o u s  d e s i r a bl e

m a r s h  plants a r e  commonly found. T h a t  i n f o r m a t i o n  i s

exp re s sed  schematical ly in this repor t  as Figure 4-1. On the

same Figure a r e  shown the proposed  elevations for  m a r s h  build-

ing near  Alameda C ree k  f rom an Environmental  Imp act Statement
- 

- 
published by the Dis t r ic t  [5}

Tolerable errors

it is expected that all ma te r i a l  placed with m a r s h  creat ion in mind

will be f rom h ydraul ic  d red ges .  Given the  undeve loped  s t a t e  of t h e

a r t  of p r ed ic t ing the set t lement  of a s l u r r y  f rom a hyd r a u l i c

d r e d ge , it is hel pful to c o n s i d e r  whe the r  a fill  elevation which is

u l t i m a t e l y “ too hi g h” is p r e f e r a b l e  to one which is ‘ too low ” . Scv-

er a l  asp ec ts  of the individual site must  be known in o r d e r  to

4 - 2
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Elevat ion above mean lower low wate r in feet

______ 
12. 0 EHW (Estimated Fli g he st  ~

Salicornia
p~~~i fica

9 . 5  
____

Planned elevat ion
_____ 

8. 0 MHHW range near
Alameda C reek

____  
- 7.4M 1{W

Spa rtina
foliosa . 6. 0

_____ 
4. 0 MTL (Mean Tide Level)

Fi~ ore 4-1 .  Schematic R e p r e s e n t a t i o n  of M a r s h  Plant Elevat ion
Ranges in San Franc i sco  Bay [ i }
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answer this question. Frequency of dred ging in the local area

should be considered . If the marsh is to be built near a channel

requi rrn~ trequent maintenance dred ging, a lower than optimum

elevation is preferable to a high elevation. After the finding of

unexpectedly large settlement, the area can be filled to the de-

sired elevation during a subsequent maintenance dred ging opera-

tion. Conversely, if fut u r e  d r e d g ing in the area is not expected

to be frequent , a higher than optimum elevation is probably a

preferable error. In this event, the material can be worked afte r -

dry ing to form a combination of marsh and small hills or ridg~~s,

which will provide some terrestrial habitat and an opportunity for

acc~~ss to the marsh.

The surrounding ecosystems should also be evaluated when con-

s ider i ng whethe r an e r r o r  on the low side or the high sj dc- is pref -
erable. If the fill site is near large areas of high marsh , perhaps

a mud flat is a more biolog icall y val ua bl e  a d d i t i on . Such an area

caused by an error on the low side , if exposed to a source of dc-

trius and if in an area of accretion , can be expected gradually to
evolve into a marsh through natural processes.

Topography

Not only the range of absolute fill elevations , but also the

topography is important in marsh building . Slopes should be

gentle enough to avoid rap id and turbulent water flow which

could cause erosi i i i . Steep slopes would also favor rap id
drainage which is undesirable because marsh plants req uire

waterlogged soils. In addition , a general slope rising to the

lanciward end of the marsh is desirable. If low areas were

present at the landward side of the marsh , they would not

drain prop erly. The consequence would be pending, sola r

evaporation , and the development  of hi gh sa l in i ty  pools w h i c h

would inhibi t  plant growth .
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2 , Con t rol M eth ods

Basic and App lied Soil Science Considerat ions

Cer ta in  fundamenta l  concep ts of soil science should be the
basis  for evaluating the eng ineer ing  methods for control l ing
f ill elevat ions . The important  pa ramete rs  of the dred ged
mater ia l shou ld be def ined and charact er ized so that soi l
be havior a s aff ec t ed by those pa rame te r s  can be p red ic ted . The
response  of the important par amet e r s  should in tur n be re lat ed

to va r iou s poss ible en gineer ing  methods . Unfor tunate ly ,  muc h
of the work  done in the past in evaluating hydraulic fill behavior is
not d i rec tly applicable to the problem at hand . The reasons
for  this si tuation are pr imar i ly:

( 1)  Hydrau lic fill mater ia ls  have been selected , where

possible , to be competent  foundat ion materials unlike

the si lt s and c lay s d re dged f rom navi gation channels in
San Francisco Bay (Bay mud).

(2)  Where fill materials  have been similar to Bay mud ,
invest igat ions  have focused  on the materials’ abilit y to
support  loads. Eng ineer ing techniques have been
investigated for enhancing load-car rying abilit y, but little
work  has been done in evaluating the na tura l  and unaided
consolidation and settlement of dred ged materials .
According ly, there  is little in the l i t e ra tu re  to aid in
predic t ing fill elevations af ter  consolidat ion;  a stud y to
advance the state of knowled ge in thi s specific a rea  was
recently begun at the Massachuse t t s Inst i tut e of Technology
(U .S. A r m y  Eng ineer Waterways  Experiment Station ,
Dred ged Material  Research P rogram , Work Unit 4A 16) .

The l i t e r a t u r e  does contain some theoret ica l  t rea tment s

• of dr edged material consolidation , and some ins i g ht may
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also be gained from a report dealing with prospects for

reclaiming submerged San Francisco Bay land s for

ag r i cu l tu re  [6 1 . The re fe renced  agr icul tura l  stud y

related l i terature  information and the resul ts  of some

laboratory  exper iments  to descr ibe  how sediments  behave

upon d ry ing . The most imp ortant general  statement which

can be made based on that report  is that the loss in volume
which accompanies dewate r ing  is basically i r r e v e r s i b l e .

Rewet t ing does not r e s t o r e  the material  to i ts  initial volume .

Tests we re  pet -formed on drying and rewett ing of San Pablo

Bay sediments in the r e f e r e nc e d  stud y. C yl indr ical  samp les -

of cored sediments  shrank in length b y 24% and in d iamete r

b y 18% a f t e r  18 days of air d rying.  Upon r e - s a t u r a t i o n, the

increase  in volume was only suf f ic ien t  to reduc e these

dimensional  losses  to 21% and 16%, respec t ive ly 16] . These

investiga to rs  compared  the i r  data to that develop ed b y Dutch

r esearc h e r s , and both studies indicated that hig h clay

co ntent  i nc reased  th e ~~~~~~~~~ s tendency to shr ink . Thi s

shr inkage  is probabl y related to the collap se of loose ,
flocculated clay part icles upon water removal.

Other more recent  inves t igat ions hav e c o n s i d e r e d  emp i r i c a l

observat ions  of the changes in volume of dred ged mater ia l

f rom its in situ condition in the channel , th roug h the s lu r r i ed

phases of hydr au lic dred ging and transit in hopper dredges ,

to the reduction in volume which accompanies dewatering

behind a di k e . Johnson [ 7 ]  and Kolessa r  [ 8 ]  d i scus sed

Bulking Factors  (B. F , ) .  The bulking fac tor  i s loose ly

defined as the ratio of dred ged material volume af te r

hy draulic dred g ing and drainage to the same mater ia l ’  s

pr ior  in situ volume . The looseness in the d e f i n i t i o n

a r i s e s  f r o m  the lack of a s t a n d a r d i z e d  tiree for

4- 7
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consolidation . Since all hydraulically dredged materials

exper ience some t ime-dependent  reduct ion in volume af ter

deposition within a diked area, a bulking factor based on

lon g - t e r m  volume measurement  (e . g. several years )  will

be smaller than one based on nea r - t e rm measurement .
Most bulking f a c t o r s  repor t ed fo r  si lt s and clays range f r om

1. 4 to 2 . 0 , and these  l i te ra ture  values  refe r to the sho r t -

t e r m  volume (on the order of one y e a r ) ,  since the main use

of the B . F . is to compute the volume requ i r ed  to hold a

known in situ volume of mater ia l  to be dred ged on a sing le

projec t.

For the pu rpose  of es t imat ing and controlling fill  elevations,

such empi r ica l and app ro ximat e paramet ers  as the B. F, a r e

of limited use .  Of far  more in te res t  is the volume-t ime

relationship;  we wish  to know what f ac to r s  govern that

re la t ionship, and the extent to which those f ac to r s  can be

controlled. The abi l i ty  to mak e accura te  estimates of thi s

relat ionship is l imited by the dif f icul ty  of predic t ing  the

time rate of change in void ratio of dredged material during

consolidation in a diked area.

Considerable research has been done on the behavior of

dredgings  in diked disposal  a r e a s  in the G r e a t  Lakes by K r i z ek

and his colleagues at Northw estern Un ive r s i ty  and the

University of Wiscons in . One paper resulting from work by

Krizek and Giger [9] reported on the monitoring of

elevation changes within several confined areas near Toledo ,

Ohio . These confined disposal faci l i t ies  were  surveyed over a
n ine -yea r  per iod .  In addition to topograp hic s u r v e y s ,

bo rings were  taken , and d ry  dens i t i e s  w e r e  measured . The

-; r e su l t ing  data led to development of an approximate fo rmula ,

which the authors felt was valid for a period of at least

4~ 8
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te n years :

V D 0 .8  ( 1-0.  04t) V B ( 1 )

where :

V
D 

= volume of d redgings  in the disposal site after t

years of consolidation -

V
B 

= in situ bottom sediment volume (pre-dred ging)

The l inear  volume reduct ion of 4% per year shown in Equation ( 1 )  will

of c o u r s e  not continue indefinitely,  as some limiting densi ty  would

ul t imately be at tained . Some variat ion in thi s 4% value is also l ikely;

surveys  of one area  revealed a compaction of 6% of the initial d red ged

material thickness in the f i r s t  nine months.

A fu r the r  word  of caution is in o rder  regarding the coeff icient  value of

0 .8 .  This factor was calculated by Krizek and Giger as the ratio of

dred ged material  volume in the disposal  area , a f t e r  settl ing and

decanting the supernatant (for a year or two), to the pre-dredging

in situ volume. Clearly, this factor will be highly sensitive to local

condit ions and operating procedures . The initial dry density of

material discharged in these studies was 50 pounds per cubic foot.

Another problem in app lying these data to the situation in San Francisco
Bay is the Bay area t s seasonal rainfall pat terns , which cont r ast  to t h e

more  equalized monthly preci p itation on the Great Lakes , Atlantic ,

and Gulf Coasts .  Of the Bay Area ’ s 24” mean annual p reci pitat ion ,

~0% normally fall s between November and Apr i l .  As a r e su l t , du r ing

the dry summer , dredged materials behind dikes undergo extensive wata-

loss b y evaporation. Vert ical  cracks resul t , f o r m ing “ p illars ” of

dredged material separated by gaps of one to three or four inches,

The winter  rains then erode the walls of these “pillars” with the
resul t  that a new s l u r r y  is f o r m e d  wi th in  the ver t ica l  c r a c k s .  (Fi g.  4-2) .
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Fi g u r e  4 -~~. Dr e i ged M a t e r i a l  “ P i l la r s ” ~~ t Pond 3 ,
H a y w a r d , K} , owin ~ S l u r r y  in C r a c k s  a f t e r  W i n t e r  R a i n s

(Photo Taken Apr i l  9, l’~75)
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( ‘he e f f e c t  of th is  p r o c c’s s on t l ~e c o n s o l i d a t i on  b e h a v i o r  01 t i e

i red~~ings is unce r t a i i l , hu t  th~’ process may  Ic sen thc  app l i c a b i l i t  V

o t  t i ’ ~~r 1 e s  and data g e n e ra t e d  elsev- . i~- r ~ to thC \ 1 t f l  c- — time
r dat  i ot i sh ip s  of c o n f i n e d  dr -d g i og s in  the Bay A r e a ,

The i n f o r m a t io n  g a i n e d  f r om  i C e  above  cU pi  r i  ‘ a l  s t u d i e s  m a y  Uc--

supp l e m e n t e d  b y other w c i r k  wh ich  c o n s i d e r s  soil s c i e nc e  th~~u r v as

app lied to t h e  sc t t lc n ent o f  dred ged mat er ia l s. ld rii ek , Rarac~

and Humn-~e1 [10]  com bined f ie ld  and laho rat ry work \-;ith lit - r a t

evi e\\ anti t h e o r e t i c - a  I d i s c u s s ion s  to eva] lai c- v a r i o u s  eni~inee  i- i tie

p r o p e r t i e s  of d re d g i ng s . As t h e s e  a u t h o r s  p o in ted  out , t h e  app l i c a t i o n

of c-las s ic - a l  conso lida t i on  t h e o r y  to t h e  b e h a v i o r  over t i m e  of a d r e d ged

m a t e r i a l  s l u r r y  pr o d u ce s  onl y a ‘ ‘ f i r s t  o r d e r  apm- x l mn a t i n . T w o

of the p r i m a r y  a s s u m ptions of the c lass ica l  t h e o r y  a r e  \ - i o la t e d :

sn a i l  s t r a i n S , and com plete  s a t u r a t i o n  at all t i m es . One p o t e n t i a l

prob lem w i t h  the  s a tu r a t i o n  a s s u m ption is that some d red ged m a ter i a l s

will generate gases during consolidation . These gases may eventuall y

escape , but their presence makes the descri ption of V O l u m c- t i n ~~
rel ationships very difficult . Unfortunately , much of the emphasis

the referenced stud y was on l o a d - c a r r ying capacity of thick dep osits

of dred gings (on the order of ~i0 f t.) As a result , the data are
generally not applicable to predicting the settlement of t h in  lift s of

dr edgings with no superimposed loading.

Perhaps t h e  most app licable stud y f o r  the purp ose of contro lling fill
e l e v a t i on s  is  that  of Johnson  17 ] , who r e v i e w e d  the literature and

the  t heo re t i ca l  bas i s  fo r  s i z ing  con ta inment  a r eas  fo r  d re d ged m at e r i a l s .

Johnson p r e s e n t s several  t h e o r e t i c a l  approaches , and c o n c l u d e s  t h a t

f ie ld  and lab o r a t r y  tests on d r e d ged m a t e r i a l  a r e  req u i r e d  to va l i da te

thee i - i e s  and c o n f i r m  the ex i s t ing  p r o c e d u r e s  for s i z i n g  con f i n e d

d red ged material disposal areas . Using sonas of Johnson ’ s reported

eq iations , some calcula t ions  Were mad e for this st u d  to provide

app’~o~~l n ati ons to s - t t i  ements which m i e h i  be expected in  n — u  r sh
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creat ion e f f o r t s in the Bay Area . These equations a re  based upon

field obse rva t i ons  of d ry  dens i ty  var ia t ion  wi th  t ime for  a l t e rna te l y

submergen t  and emergen t  sed iments :

For c l ays :  d
t 

= 46 + 10 . 7 log 10 t ( 2 )

For s i l t s :  
~d = 74 + 2 . 7 log 10t (3)

whe re :  d ry  densi ty  at t ime t , l b / f t 3

t = time, years

The dry  densit ies w e r e  conver ted  to more usefu l  units with the

following relationship, also from Johnson [7 J

— 
—I t 

—

S = H  d d (4).y t
d

where:  S settlement , ft

H depth of sediment , ft

= dry  densi ty  at time t years , l b / f t 3

= dry  densi ty af ter  one year , l b / f t 3

When t = 1, S = 0 from the above equations. Hence, these equations
hav e practical  value onl y fo r t imes greater  than perhaps two years .
The results  of calculations are plotted on Figure  4 -3 , which shows

clays to hav e considerably more settlement than silts , especially fo r

thi ck depos i t s  of dred ged material. Within the limitations of the above

eq uatio ns , it appears that clays may undergo settlements of g reat er

than 20 % of the ori ginal dred ged material thickness in the diked area .

4- 12
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The equat ions  ( 2 ) ,  ( 3 ) ,  and (4)  c i ted b y Johnson w e r e  developed b y

Lane and Koe lze r , whose g e n e r a l i z e d  fo rmu la s  app licable to

severa l  g r a i n  s ize  d i s t r i b u t i o n s  and severa l  submergence / emergence

condit ions w e r e  d i s c u s s e d  in detai l  b y Koelzer  and Lara [ i i ]

Material  Selection

If economic and pract ical  options a r e  available , a marsh  creat ion

pro jec t  can be car r ied  out with improved  control  of f i l l  e leva t ion  by

fi l l ing with more  coarsely g ra ined  d redged  mater ia ls  such as silt s

and sa nds . As Fi gur e 4-3 indicates , silts may be exp ected to undergo

only a small degree  of s ettlement with time , and this t rend  is even

s t ronger  for  sandy mater ials. Accordingly ,  the elevation af ter

deposit ion and dewater ing  of such mater ia l s  will not change grea t ly .

Means of Deposit ion

Selecting a d ischarge  mode is an important fac tor  in control l ing fill

elevations.  The d i scha rge  f r o m  a h ydraulic dred ge typically resu l t s

in a mound of l a rge , dense solids such as rocks , clay balls , and

debr i s  near the d i scharge .  After dewater ing , on a path radiat ing outward

from the d i scharge  point , will be found i nc reas ingly smaller par t ic les

and inc reas ingly flat slopes. This pat te rn  is typ ical of confined

disposal a r eas , and exis ts  at “Pond 3” , a diked enclosure  next to

Alameda Creek  which has been filled with dredging s fo r  the purp ose

of es tabl ishing a marsh.

Given this t r end  toward  decr~~asing par t ic le  s izes  away f r o m  the

d i scha rge , and given the tendency  for clays to undergo more

consolidat ion and settlement than more c o a r s e - g r a i n e d  mate r i a l s, one

might logically expect n-ore settlement in time at points remote from

the former  discharge p ipe location. Control of d ischarge locat ions

is t h e r ef o r e  a potentially valuable tool for  con t rol l ing  fill elevations .

W he re  a flat t opograph y is des i red , the d i s c h a r g e  p ipe should be

moved quite f requent ly  to a s su re  an even d is t r ibut ion  of coarse
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mate r i a l s . Two methods may be used to avoid dep osi t ing coa rse

mater ia ls  only near  the pe r imete r  of the dike , resu l t ing  in l o w e r ,
c l ay - r ic h  a reas  in the  cen t e r :  use  of nar row areas  whe re  c o a r s e

mate r i a l s  in the d i s cha rge  can reach the center , or extension of the

d i s c h a r g e  p ipe into the cen te r  of the disposal area dur ing  a por t ion

of the f i l l ing per iod .

Equi pment to p er f o r m  e i ther  of these  ta3k s has been cons ide red  in a

r ecen t  r epo r t  to the Wate rways  Exper iment  Station ( 12 1 . Spil lh a r g e s ,
swivel  pipe jo in t s , b ranching p ipes v- i th  Y- f i t t i ngs  and valves , and

“ whoop ing cranes” ( l and-based  vehic les  on which the  d i s c h a r g e  p ipe

is s u pp o r t e d )  have all been u s e d  on d redg ing p r o j e c t s  in this coun t ry

and ove r seas .

Opera t ions  on Deposited Material

Given the  unce r t a in t i e s  in p red ic t ing  fill set t lement over t ime , it is

use fu l  to cons ider  means for  inc reas ing  the rate  of dewa te ring  and

set t lement. In this way ,  the fill  can be act ively compressed  in a

short  t ime , thus  l e s sen ing  the time lag before  pass ive  se t t lement
shows whether  the p rope r  elevation has been a t ta ined.  C o rr e c t i v e

measu re s  such as adding more  mater ia l  or excavating the fill can then
be implemented at an ear ly date . Methods for  inc reas ing  the r a t e s
of dewater ing  and consol idation a r e  d e s c r i b e d  in Section V of th is
repor t .

Means of compacting fi l ls  in diked disposal  a reas  have also been

discussed  in Appendix J of the San Franc i sco  Dis t r i c t ’  s Dred ge
Disposal Study. Bul ldozers , towed multiple discs , and towed

sheepsfoot  ro l le rs  have been used with success  at var ious  sites in

the Bay Area [13 ]

3 . Summary and Recom mendations

The tools for  p r ed i c t i ng  se t t lement  based on d red ged mate r ia l  p a ra m e t e r s

a r e  not well  developed.  C ur r e n t  r e s e a r c h  at the M a s s a c h u s e t ts
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iL
Ins t i t u t e  of Technology  (DMRP W ork Uni t -1A16 )  should pr o d u c e

valuable i n f o r m a t i o n  in thi s regard , perhaps in ea r ly  l 9 7 c - .

— 
Pending the availability of t ha t  in fo r mat ion , ap pr ox im a t e p r e d i c t i o n s

of se t t lement  can he n iade f o r  va r ious  n atu r i a l s  to be dred ged , and

ini t ial  e leva t ions  can be g o v e r n e d  by those  p r e d ic t i o n s , with the

methods d e sc r i b e d  in the  ab o v e  s ec t i ons .

Settlement can be has tened , and f ina l  elevations can be de t e rmined

early,  by use of comp act ing  eq ui pment such as has been used  on

B~~y Area land disposal  s i t e s  in the pas t .

B . Openin g the Area to  Tidal Action

1. Scope

When a diked a rea  has been  f i l led for  the pu rpose  of m a r s h

crea t ion, there  of ten  will  he several  technical  p rob lems  in

opening the area to t ida l  action . Those prob lems  c o n s i d e r e d

in this  sect ion a r e :

What should be the size of the dike breach?

• What methods and equipment can be used  to provide

an adequate inlet when the bayward side of the dike
has several hundred  ya rds  of ex i s t i ng  marsh  and

shallow w a t e r ?

• Where  should the ma te r i a l  excavated in c r ea t i ng  the

inlet be depo si ted ?

2 , Tidal Inlet Desi gn

The ques t ion  of appropr ia te  s ize  of the tidal inlet to a

marsh can be placed in perspect ive  b y cons ider ing  the conse-
quences  of er r o r s . If the inlet  is not su f f i c i en t ly  la rge  in

c r o s s  sect ion , f lood c u r r e n t s  may be unable to c a r r y  enoug h

water  into the marsh in a short  enoug h t ime  to provide  the

d e s i r ed  t ime of s l hn l ’r g en  e for marsh plants . If the inlet  is
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too large , tidal c u r r e n t s within the inlet will be sluggish

and accretion will probably result , un t il an equil ib r iu m fl ow

area is ac hieved. At thi s equi l ibr ium flow area , tidal

cur rents will attain a natural self-cleaning velocity for  the

materials on the bottom. It would the re fo re  appear that a

very large inlet is the preferable  e r ro r .  On the other hand ,

consideration of the excavation cost and the amount of overburden

to be disposed of indicates that the channel should be made ju st

large enoug h to maintain a self-cleaning tidal cur ren t  velocity

from the beg inning.

A review of the l i te ra ture  has led to some relevant facts  in

determining proper inlet areas  and velo cities:

The eq uilibrium flow area of an inlet depends to a

minor extent , if at all , on the grain size distribution

of the bottom materials [14

Th e mean maximum veloc ity f or a wide variet y of

tidal inlets in America and in Europ e is remarkably

consistent among locations: approximately 1 meter

per second [15]
Velocity averaged throug hout the tidal cycle in a

wide variety of t ida l inl et s has a wide r ra ng e, but is

still fa i r ly  consistent among locations: 0. 54 to 0 .97

met er s per second amon g 11 inlet s on the Pacific

Coast , Gulf Coast , and Europe 1 1 5] .

These observat ions indicate that the inlet should be designed to

produc e~ these velocities according to the continuity relationship

Q = vA , where

Q = Tidal pr i sm of the mar sh (calculated f rom

elevation and topography) divided by time f rom slack to

slack ( —  l I Z  of tidal cycle)
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V I) cS i ~j~ ~ v e r a~~ v c t c1~~; t~~~~y U . n ~~~ r s/ s ec )

A Inlet  a re .

The suc  ess~~~l b r . ~~~~~ ~ l i f t . l’~e ~ t l ’ en~-r  Tr ~~( t  in South San

F r an c i ~~cu 1~~t~; a n d  s sc~~~ . ’ ,; ~ e i r s h d~~v~~1~;j n c & ~~t o l f e r  d m e a n s  to

v e r if y th n— app  r o a c h .  .11 & ; I ~~r i , i i i  j~~~~e~j  ~~~i t ~~ ~~~~ in the in le t  w e r e  in

a g r e e m e n t  wi th  t Ii ~ i1i.~j~ C C i i & - ~~ .. t i n c s , one  coul i gain con f idence

that the l i t e r a t u r e  d pp i .~ - s  d i  r c c l l y to t h i s  ques t ion . The c a u s e

of any l a rge  di~ r e n c e s  i ~.e1 y to hc t h e  t ac t  that the  above—

cited data a r e  I c o n ,  r a t h e r  l a rge  t i d a l  inlets .

3 . Inlet b c a . .i t . t u ~~ ~ l~~~L t1s

Where  mar sh l and  e n i  s~nt l iu v w a t e r  a r e  p re s e n t  b etween

the dike to be b r e a c l i .J and ~i1C op c n Bay, d i f f i cu l t y  can be

expected in ~ a \ :~t i  n , the  in l e t  t h r o ug h t h e  m a r s h e s  and shallows.

Access  f r o m  land ~v 11 c t o  r~ ta~ ] ed  b y the weak m a r s h  soi ls .

Access  f r o m  the w a t e r  i ;y  a dr ~~d~’e or o the r  barge-mounted

excavation equ ip . c i  w~ i1 be h i n i r e d  b y lack of available d r a f t .

Th e most p r om in u i g  n c ~ l e d  i c  o - -c rc i l u ln g  this obstacle is the
use of a d r a g l i n e  w i t h  a ‘ d c n l.~ ~ (i c i g o re  4 — I ~ . Th e deadman

could be n~o unt e d  C S  J~~1C \ .  ~ ( 0  [ f E. h l . ~~, j n~~i f l [ i t t i I lg  use  of a

b a r g e — n i o u n te d  di n n i  Ui’. I L  it  Jd be n.u wi ed on a b a r g e  or

on a piling in the  w a ter , p r i A t t i  i , i s e  of a l a n d — b a s e d  d r ag l i n e .

Thi s t echn ique  has been  c tj c r c ~~s t i 1 ‘~~ Ph  l o c ket  cap aci t ies  of

3 , 6 , and 10 y a r d s  ann  o v e -  ~1’ ~~~ Cc~-~ ip to 1500 fee t  ( 1 2  1
Standard eqiii p li nt  i s  av~ c h ic  in  t h ~ t o r n ;  ot c r a n e — op e r a t e d

s c r ap e r s  w i t h  a dc n . ! . . , i  l e ct u r e d  b y Sa t -rman  Bros . ,  Inc .

of B e l i w oun , 11.1. 1 i~c. I . Se~~h c q u i  h mnent has Uee~ used to re move
sediment t r o l i  rc~~ 1in ~ p o nd s  u e ii .~t r u c t i o n  c i te s
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Cable Barge with
- -  D ea dman Operating Machinery

-~ 

~~~~~~~~~~~~~~~~ Bucket 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figur e 4-4 . Possible Metho d for Excavating
In Inaccess ible Ar eas

4 . Overburden Di sposal
With the operation shown in Figure 4-4 excavated materials

could be placed on a barge and dumped in water at an approved

d r ed ged material disposal site. Alternatively, material could be

placed within the diked area at locations where elevation should

be raised , or they could be deposited at any locations on the

dike which require  reinforcement .
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C . Intertidal Stabilization

1. Need for Stabilization

Erosion is a potential problem whenever bare soils are exposed

to moving water . Unconsolidated , fine-grained Bay mud dred ged
from navigation channels must be considered inherently erodible;
erosion is the initial process which ultimately led to red epo sition
of this material in the navigation channel. Erosion , through the
action of rain or of tidal action , has the potential to level slopes ,
form unwanted gullies , redeposit sediment in undesirable places ,
and remove material from the site to be redeposited in the Bay.

There is little specific information regarding the erodibility of
developing or existing marshes. The methods for stabilization of
exposed soils are , however , quite well known and these are discussed
in the following sections. Vegetative stabilization as an interim
measure, prior to marsh plant establishment, is not considered here

because the time between filling and setting out marsh  plant will
be brief.

2. Stabilization Methods
Physical Methods

Various types of mulches and mat s are physical means of
stabilizing soil against erosion. These techniques are very
useful for the avoidanc e of rainwater erosion at construction
sites , but less app licable in general for the purpose of stabiliz-
ing d redged material while it is being re-wetted by tidal action.
Most mulches will tend to float and be washed away, while soil
mats would prevent the wetting of the dred ged material. Some
type of close-mesh net structure might be useful, however. As
erosion and sediment control have become more publicized in
recent years , several such products have been developed. Law s
and ordinances in areas such as Mary land and Southern Cali-
fo rnia , together with the efforts of the U.S. Department of -
Agriculture ’s Soil Conservation Service , have increased the use

- 
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of meshed blankets and nets at construction sites . Blankets of

excelsior or fibe rglass, and nets of jute or plastic may be use-

ful. Many of these products have accompanying anchoring

systems which were developed for wind resistance , but which

should resist the forces of tidal action as well.

Chemical Methods

A few chemical products are  available which have been developed
to bind soil for erosion resistance. Some of these bind soil by
themselves and are often sprayed with grass seed at construction

sites to resist erosion while the seed germinates. Other chem-

ical products have been developed for use as ‘ mulch tacks”, or

materials which bind mulch to soil so that wind and rain do not
remove it. “Mulch tack” products have not been developed for
uses where total submergence occurs, so their success in

making a conventional particulate mulch useful for the problem

at hand is doubtful,

No adverse environmental effects of these stabilizing chemicals
have been demonstrated.

3. Reco m mendations
This review of stabilization methods has shown some in teres t ing
possibilities for  preventing or minimizing erosion. Unfo rtu-
nately, much of what can be written is based on dry- land

* technology for  resisting rainfall erosion. To confirm the
applicability of this technology to the stabilization of d red ged

mate rials during re-wetting by tidal action , some pilot work  is

required.
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Small test plots should be developed for  testing physical

and chemical stabilization techniques as well as combina-

tions of these techniques. These test plots , eac h perhaps

100 n-i2 , could be developed by placing small amounts of

d r ed ged material from the “Pond 3” area in Hayward in a

similar area currently exposed to tidal action. With the

prope r institutional and legal clearance , these plots might

be created in the small pond immediately to the north of

the northwest corne r of Pond 3 , or in the pa rt of the Fabe r

Trac t  site which is presently a mud flat.

D. Laboratory Study on Movement of Salt through Dred ged
Material

Since many candidate sites for marsh creation are at old salt
evaporation ponds , there is some concern that salt might mi-
grate upward through the deposited dred ged material and inhibit
plant growth. To evaluate this possibility, an expe riment was
performed in the laboratory.

The experiment was conducted in a cast acrylic (Plexiglas)
column approximately 5 ft. high and 6 in. OD with 1/8 in, wall
thickness. A 3 in. salt layer consisting of evaporated sea
wate r was placed on the bottom and ~~ in. of sediment placed
on the salt. Sample ports along the column, as shown in

Figure 4-5 , were used to obtain samples of the sedim ent for
analysis to determine the rate of upward salt migration

*Hain Pure  Food C ompany, Inc. ,  Los Angeles , Calif.
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Figure 4-5. Salt Movement Test Column
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through the sediment. Sediment samples of approximately 7 ml

were mixed in a blender with distilled wate r to extract the salt

filtered to remove the sediment particles, and analyzed for

chloride concentration by the argentometric method presented

in Standard Methods [18 1-. The test was conducted for a

period of 33 days. The result of these chloride concentration

tests is shown in Table 4-2 and presented graphically in

Figure 4-6.

Afte r an initial decrease , the chloride concentration increased

at the lowest port beginning on about the fourth day. Chloride

values at that port increased throughout the remainder of the

test period and reached a value of almost 35, 000 mg/i after

33 days. It appears from the shape of the curve that the rate

of increase was decreasing, perhaps indicating that an equili-

brium value was being approached. That value may be in the

order of 40, 000 mg/i Cl (66, 000 mg/i salinity). No significant

changes in chloride concentration were noted at eithe r of the

uDper two sample ports.

The questions to be answered by this experiment were

first, whethe r salt from the bottom layer would migrate upward

through th e sediment , and second , if migration takes place ,

- 
what the rate would be. During the test period the chlorid e

concentration at the port nearest the salt layer increased to

* about three times the initial concentration, thu s answering the

first question. However , dete rmining the rate of migration is

more difficult. Expression of the rate could be in terms of

the velocity of the front. From Figure 4-6 it appears that

be tween fou r and seven days were required for the front to

reach the lowest port which was 3 in. from the salt layer. If

the time were  seven days for  a noticeable increase to occur ,
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Table 4-2

Salt Column Chlo ride Concentration

Chloride Concentration , mg Cl / i

Port 1 Port 2 Port 3

0 12,300 10,300 11 ,200

4 9,000 9,000 10, 100

7 10,000 8 -iOU 11 , 500

14 10, 100 9, 500 18 , 200

21 9,200 8,800 29,900

- 33 10,100 9,200 34,400

Sample standard derivation 226 mg C1 /l at 9200 mg/i

$ 4 -2 5

I
$

• •-
— , , _

~~~~ 
—_----•-,..___•__ ___ __

~~~~
••_

~~~
_ -,.

~~~
.- - - r —

_________________________________ ~~~~~~
--- -.-——— - 

--———- —-—-—-—----— — —
~~

———-- -
~~~~~~~~~

._



- -

Ji

---- - - -~- - - T -- - -- - -

~~~~~~~~~~~~~~~~~~~~~~

-

_ _

-

~~

_

,

-- --- - -

~ 

I

N I

_ _ _ _  _ _  _ _ _ _

-1.~ 4.~ 4-~i4~~~-4 i•4 /-
0 0 0  

-

o D ~~ II
I-
. d4c

2 L(1

0001 X t / ~~UX - UOt tX~~~ UO~~ ~~pt .IO~q3

4-26

¼

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ I~~~IJ I ±Ti .~~~~~~~~~~~ L1 ~ --~~~~~~~~~



—- — - - V .-
~

--
~

-

~
- ~~~

- --- - -— - -  ----- 
~~~~

- - — -_--V—- -- -- - --- - --5

then the migrat ion velocity was 0. 43 in/ day .  No increase was

noted at the ScCOfl( 1 po rt , but at a veloci ty  of 0. 43 i n / d a y  it

would have r e q u i red  about 35 days  fo r  the f ront  to t r ave l  that

f a r .  Time cons t ra in ts  on the duration of the test  requi red  that

the test be terminated at 33 days. Thus it is not known with

certainty that the front would continue up the column at the rate

of about one-halt inch per day.

The conditions of this expe riment were deliberately res t r i c ted

and severe , to assure at least a “yes/no” answe r on the question

of vertical salt migration. A real situation would be less seve re,

with lower migration rates, for the following reasons: —

Horizontal migration would be possible in a real diked

area, and salt could be leached from the old pond bed

in this manner.

• Tidal flushing would provide a continual source of

dilution water.

• A less thick salt reservoir would presumably exist.

Ponds can be expected to be out of use for some time

prio r to filling, and rain water will cause salt to mi-

grate downward or be carried out through drainage

with the rainwater. This was the situation at Pond 3

in Hayward before it was filled for marsh creation.

Nevertheless, the finding that migration did occur in the

lysimete r test indicates that a problem may exist. Longer tests

should be run to develop more quantitative data. In the absence

of such data, and for safety, any salt ponds filled for marsh

creation should be allowed to “rinse” for at least one rainy

season before filling.
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E. C o n c l u s i o n s

1. Control ove r fill elevations in marsh  creation is important  to the
establishment and maintenance of desirable marsh plants.

2. Prediction of the elevation of a dred ged mater ia l  fil l as it r e su l t s
from future settlement is difficult with the present state of the art.
Silts and clays may ultimately settle a distance of more than 20% of
the initial fill thickness. Fine-.grained materials normally settle more
than coarse-grained materials.

3. Conditioning of material with equipment such as bulldozers can
accelerate dewatering and consolidation , thus avoiding a long settling
period. The fill elevation can thereby be known sooner , resulting in
well-informed decisions regarding the possible need for more fill at
a site.

4. Tidal inlets develop flow areas such that erosion and accretion are
in equilibrium. The mean maximum tidal current  velocity of many such
inlets is approximately 1 rn/sec. and avera ge velocities range from 0. 5
to 1 meter per second. These data a re  for la rger  inletc  the n - vou ld be
needed in a marsh building project , however.

5. Draglines in combination with cable/”deadman ” systems are available
for excava ting tidal inlets up to 1500 feet in length across  inaccess ib le  a reas .

6. Intertidal stabilization of sediments appears to be mo st feasible  through
anc h ored mat s of var ious na tura l and s y nthe t ic mater ial s, or stabi li z ing

~
— chemicals similar to those used for erosion control  on construct ion projects .

7. Salt does mi grate perceptibl y throug h dred ged materials from the Bay

Area .  In the laboratory experiment conducted as part of this stud y, the
upwa rd mi gration rate of a detectable salt f ront  was approximately 0. 4
inches  per day,  but more detailed simulations would be needed to estimate
field condi ti ons.
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F. R e , -o n i m e , i d a t i o n ~-

1. l- l ev a t ion  as a f u n c t i o n  of tu rn - should lu r, on~ t or ~ -c1 0 r ( - c - , - , u t ~~ -

fUl ~~d con f ined  dr e dg e d  in~~t , -  ,-ial d i s p o s a l  a r eas , ~t u c l  on a in~~ s tu U,-

f i l led in the f u t u r e .  Obse ,-~~a t i o n s  should be co r : e l n t ’ - d  wi th  soil

p ar a m e t e r s  sneb as t~r a i n  s i z e  d s t r i b u t i - n n , ‘- nid r a t i o , and  o r g a n i c

con ten t .

~~~
. When the r e su l t s  (if the  W a t i -1 - -~\ a y n  Fxp ’ - r i  1nC r t  S ta t ion , D neci~~i-d

Mater ia l  R e s e a r c h  Prcu~rarn ’ s Work TJn ~ t 4A16  a re  ava i l ab l e  ‘ D e ve l op -

ment  of a Methodology fo r  D e t e r m i n i n g  the Stable E leva t ion  of C o n fin ~ d

Dred ged Mat ’- r ia l  in \ h i r s b - C re a t i o n  F f fr , rl rs , ‘ h e m p cond r c t ’ - d  at

M a s s a c h u s e t t s  In s t i tu t e  of Technology , they should be app l ied  to San

F r a n c i s c o  Bay s i tua t ions .

3. The t idal  in let  (d ij c r b r ea~- 1i )  ;t FaL~-r Tract in Palo Alto  should be

studied w i t h  r e s p e c t  to t s  l y d r a d i c  p r o p e r t i e s  ( chan r~-l d i r nen s i ou s ,

c u r r e n t  ve loc i t i e s1  to a s c e r t u r n  v l i - t i r e r  bt~ r a t t i r e  data  on t idal  in l e t s

a r e  d i r e c t ly app l icable  to the small’  ~ i n le t s  \ \h i c h  a re  needed  in m a r s h -

bu i ld ing  p r o j e c t s .

4. To l e a r n  wh ether  d r y - l a n d  e ro s ion  control  m e a s u r e s  a r  suita bb

for  i n t e r t i d a l  s t ab i l i z a t i on , te st p lots should be e s t ab l i shed  u s i n g  v a r i o u s

plants , mats , and chemica l  s t a b i l i z e rs  on d r e d g e d  rnau r ial  su b j e c t  to

t idal  a c t i o n .

5. F u r t h e r  sa l t -mig ra t i on  e;~p er i m en t s  sl~eul d  be c o n d u c t e d .  These

exper iments  should he d ’- s ig n ed  to simulate t idal  f lush ~ ag and to al lu\-

h o r i z o n t a l  m i g r a t i on .  In c o nj u n c t i o n  wi th  th i s  e f f o r t , t h e  soil s a l i n i t y

) of any d r y  evapora t ion  pond beds s U t ’~ ld he m ea su r e d  b e f o r e  and a f t e r
- the  r a iny  w i n t e r  season  to d e t ’  i n i  ri ’ t i n -  a m o unt  of sal t  which  may be

-. 
avai labl e for  mi g r a t i o n .

4-’~ ’

I: ~T1 T±T ~~~~~~~~~~~ ~~~
_ _
~~~~~~~~~~

‘ 

~~~iii~i .. t i r i ~rnit ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~i



-- — - - —-~~~~~~~ - -~~~~~~-- 

REFERENCES

1. Mason , H. L. , “Marsh Studies , San Francisco Bay and -
E stuary  D red ge Disposal Stud y, Use of Dred ged Material for
Marshland Development, ” San Francisco Bay Marine
R e s e a r ch Cen ter , Inc. , Dec. 21 , 1973. Included in “San
Francisco  Bay and E s t u a r y ,  Dred ge Disposal Stud y,
Appendix  K , b y U. S. A r my  Eng ineer Dis t r i c t , San F r a n c i s c o
(in p repa ra t ion) .

2 . Newcombe , C. L . ,  and C. R .  Pride , “ M a r s h  Studies , The
E sta blis h men t of In ter t ida l  M a r s h  P lan t s  on Dred ge Mater ia l
Subs trate , “ Sari F r a n c i s c o  Bay Mar ine  R e s e a r c h  Center , Inc . ,
1975.  Included in “San Francisco Bay and Es tuary ,  Dred ge
Disposa l Stud y, “ Appendix K, by U. S. Army Engineer District,
San Franc i sco  (in prepara t ion) .

3. Kerr , P. C. , and Cali , F.J. , “Pregermination Requirements
and Establishment Techni ques for  Salt Marsh Plants , ” U.S.
Army Eng ineer Waterways Experiment Station , Vicksburg,
Miss. , March 1975 (Draft) .

4. Pestrong, R . ,  “San Francisco Bay Tidelands , “California
Geology, Vol. 25 , No. 2, February 1972.

5. U. S. A rmy Engineer  Distr ict, San Francisco, “Final
Environmental Impact Statement, Alameda Creek Flood
Control Project , Alameda County, California , ” January 1974

6. U.S. Department of Agriculture, “Suitability of Reclaimed
- - Marsh , Tide and Submerged Lands in the San Francisco Bay

Area  for Agricul ture, ” for U.S. Army Eng ineer District ,
San Francisco, Dec. 1959.

7. Johnson , L. D.,  “Sizing of Containment Areas , ” U.S. Army
- Eng ineer Waterways Experiment Station , Vicksburg,  Miss . ,

Jun e 1974 (Draft) .

8. Kolessar , M.A. , “Some Engineering Aspects of Disposal of
Sediments Dred ged f rom Baltimore Harbor , ” in Symposium
No. 3, Sedimentation in Estuaries,  Harbors ,  and Coastal
Areas ,  Misc. Pub. 970 , U.S. Dept. of Agr i cu l tu re .

• 9. Krizek , R. J . ,  and Giger , M. W. ,  “Storage Capacity of Diked
Containment Areas  for  Polluted Dr ed gings , ” Pape r presented

• at WODCON VI.

10. Kr izek , R. J . ,  Karadi , G. M. ,  and Hummel , P. L. ,  “Engi-
nec ring Charac ter i s t ics  of Polluted Dredgings , ” Tech. Repo rt
No. 1, Northweste rn University , March 1973 .

4-30

1T11 J



11. Kocizer , V.A., and Lar a , 3. M. ,  “Densities and Compac-
tion Ra tes  of l)eposited Sediment, “ Journa l  of the
h y d r a u l i cs  Division, P r o c .  ASCE, Vol. 84 , N o. HY2 ,
A pri l . 1958.

l~~. Johnson , L. E. , and McGuinness, W. V. , J r . , ‘ Guidelines
for Mate r ial Placement in Marsh  Creat ion , “ Contract
Repor t  D-7 5-& A pril 1975 , U.S. A r m y  Eng ineer  Wate rways
Experiment Station , V icksburg ,  Miss.

13. U.S .  A r m y  Engineer  District , San Francisco , “Land Dis-
posal of Dred ged Material and Economic Comparison of
Alte rnative Disposal Systems , ” Appendix 3, Dred ge Dis-
posa l Stud y. San Francisco Bay and Es tua ry ,  October 1974.

14. O’Brien , M. P., “E quilibrium Flow A r e a s  of Inlets on
Sand y Coasts , ‘ Journal of the Harbors  and Wate rways
Division, Proc .  ASCE, Vo. 95 , No. WW 1, Feb. 1969.

15. Bruun , P., “Tidal Inlets Housekeeping, ” Journal  of the
H ydraulics Division, Proc.  ASCE, Vol. 93 , No. HY 5,
Sept. 1967.

16. State of Mary land Water  Resources  Administration, et al ,. ,
“Joint Construction Sediment Control  Project , ” Repor t
No. E P A -66 0 /Z - 7 3 -0 3 5 , Environmental Protection Agency,
Washington, A pril  1974.

17. Kadlec , J . A . ,  and W entz , W.A. , “State-of-the-Art Survey
and Evaluation of Marsh Plant Establishment Techn iqu es:
Induced and Natural. Vo. 1, “ Contract  Report  D-74-9 ,
Dec. 1974 , U .S. A r m y  Engineer Wate rways Experiment
Station , Vicksbu r g, Miss.

18. A PH.A , AWW A, WPCF, “Standard Methods for the Exam-
ination of Wate r and Wastewate r , “Thirteenth Edition ,
American Public Health Association , Washington , 1971.

4 -31

lIF1I ’~ 
- 

~~~~~~
- 

~~i~~~~~~~~~~~~~ -~~~i: ~~~-~~TTi T~I ___i

~~~~

ii

~~~~~



—‘U’

V. LAND DISPOSAL OF DREDGED MATERIAL

A . In t roduc t ion

In the past the San Francisco Distr ict  of the U. S. Army Corps  of

Eng inee r s has d r ed ged approximately 7 million cubic ya rds  of

sediments  eac h year  du r i ng maint enan ce d red ging ac t iv i t ies  [ 1]

Addit ional ly,  t he Corps also d redges  a substant ial  amount of

sediment dur in g new construction.  Fu tu re  dred ging has been

est imated to avera ge 13 million cubic yards  per year  for  the
next 5 y ears , and be tween 9 and 10 million cubic ya rds  per year
for  t he following 15 years .  The greatest  amounts wi l l  come f rom
Mare Island (2 9 p er c e n t ) ,  Pinole Shoa l (17 pe r cent ) ,  and OaPland

(18 percent ) [ 2 ]  . Some of these sediment s contain contaminants

result ing f rom man ’s activit ies and thus their disposal  may be a

d i f f i cu lt and expensive problem .

A met hod of d redged  mater ia l  disposal which has rece ived

con s iderab le  atte ntion in recent years is land disposal .  However ,
man y questions must be answered be fo re  land disposal can be
ut i l ized  fo r a si gnif icant  portion of San Francisco  Bay dred ged
mater ia l .  A p rev ious  stud y in the research  program of the San
Franc isco  Dis t r ic t  has evaluated the comp arat ive  economics of
a l t e r n a t i v e  d red g ing and disposal  methods  and de t e rmIned  the

p r a c t i c a b ili t y of land disposa l in te rms of envi ronmenta l
a d v i s a b i l i t y , technical feasibi l i ty ,  and economics 2 1 - It is the
pur pose of the fol lowing section of this rep ort  to evaluate land
d i s posal opera t ions  in ter ms of the fate of t he mater ia ls  wh en -

placed in t h e d isposal a rea , and t rea tment  p rocesses  which  may
be ut i l ized to min imize  the spread of pol lutants .

Dred ged sediments  a re  made up of mater ia ls  ranging in size f rom

• d i s so lved  ions to o bj e c t s  such as b o u l d e r s  and t r e e  s tump s

weig hing up to s e v e r a l  tons .  T ypically,  i no rgan ic  minera l s  will
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be p re sen t in the fo rm of gravel , sand , silt , and clay.

The presence  of some chemicals not found in nature , such as

chlorinated h ydr ocarbons , clearly indicates the input of man ’ s

activities.  When sediment s are  polluted so that ocean disposal

is unacceptable , a n um ber of alt er nat ive di sposa l t ec hniq u es a re

availab le. Among these are diked di sposal possibly  including

treat ment of the dred ged material  to either concentrate and

co ntain the contaminant s, or to des tr oy or detoxi f y them.

Treatment of dred g ed mater ials sh ould not be cons idered  as a

technique to be employed with all polluted dred ged mater ia ls , but

rat her as another al ternative for consideration pr ior  to disposal

operat ions .  Establ ishment  of t rea tment  parameters  will allow

jud gements to be made about the optimum method of dred ged

mater ia l  d isposal consider ing bo th environmental  and economic

fac tors .

In th e fol lowin g section s dred ged mate r ia l t r eatm ent p r oc e s s e s

which might be used in San Francisco Bay land disposal a reas  a re

d i scus sed .  As a basis for this  r ev iew , Bay sediment are

cha rac t e r i zed  and the oehavior of pollutant s in the env i ronment  is

descr ibe d. Treatment p rocesses  and systems are  then presented

which will minimize the environmental impact of dred g ed mate r ia l

disposal on land.

B. Dredged Material Characterization

One of the most important considerations in the desi gn and

selection of t reatment processes is knowledge of the cha rac te r i s t i c s

and behavior of the material to be treated. Firm assessment of

treatment process applicability to part icular  problems is based on

treatabil i ty data developed in laboratory and field testing. Sinc e

the need for dredged material  treatment is relatively a new
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development , little treatability dat a i s current ly available.

Considerabl e info r mat ion i s availabl e enumer at ing chemica l a~~d

ph ysical character is t ics  of San Francisco Bay sediments. Because

regulatory e ffor t s  to control disposal of polluted sediment s are  in

an evolutionary stage it is difficult in many cases to determine

whether a given sediment is polluted . The levels of treatment

required are even harder to define.

The fir st effort  at definition of the pollutional nature of dred ged

material was the 197 1 Environmental Protection Agency “Cri ter ia

for Determining Acceptability of Dred ged Spoil Disposal to the

Nation ’ s Waters . ” These criteria included limits on volatile

solids , COD , total Kjeldahl nitrogen , oil and grease, mercury ,

lead , and zinc . Attem pts to work with these criteria produced

questions about the technical relevance and adequacy of the

pro cedures. The major difficulties may be summarized as [ 3~

“ Little or no known correlation exi sts between the
concentration of various chemical constituent s withi n
sediment s subject to dred ging and disp osa l oper ati on s
and consequent effects on water quality, ” and

“Several of the listed variables , most notably volatile
solids and chemical oxygen demand, provide little
meaningful information when applied to sediment s ,
especially marine sediment s .”

Another report [ 31 has stated that the effect of t race metal

concentrations on “the environmental impact of dredging is

difficult  to assess and it must be stressed that bulk metal analyses

of sediment s is not a useful index of potential environmental water

quality problems because the many chemical forms of metals

present in the sediment do not have eq ual impact . ”

The key then is the availability of pollutants to the environment

rather than just the presence.  However , r ev iew of sediment
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quality will pr ovide guidan ce to the potential for environmental

damage in a broad sense and can serve to focus attention on

specifi c problem areas .

An important characteristic of sediment s is the p3rticle size
distribution. This is par t icularly imp or ta nt in land di spo sal
operations sinc e these facili t ies genera]ly include a holding pond
in which solids f rom the dred ged material s lurry will settle out.
Hi gher percentages of fine material (clay) would indicate both a
r educ ed tendency for sedimentation and , since the total part icle
surface area is much larger , adsorbed pollutant s may also be
discharged  at a g rea te r  rate than for larger  part icles .

Table 5- 1 presents  data on the particle size dis tr ibut ion of
San Francisco Bay sediments. It is apparent that , although hi g h
percentages of sand are present in some of these sediment s, clay
part icles constitute the major  portion of most Bay sediments ,

with silt the next largest portion. The discharge from diked

disposa l areas  may contain a significant portion of these small
grained solids and contribute to such problems as a turbidity

plume and re lease of pollutants associated with the solids.

A study b y JBF Scientific Corporation for the Environmental
Protection Agency [5 ]  reviewed data on sediment quality f rom
throug ho ut the country to locate “hot spots” and set pr ior i t ies  for
remo val or inactivation of in-place pollutants as required by
Title 1 , Section 115 of the Federal Water Pollution Control Act of
1972 , PL 92-500 . Based on consideration of the level of poll utants ,
area and volume of the hot spots , availability of disposal sites ,
population served by the waterway, and economic significance of
the waterway,  it was conclud ed that San Francisco Bay should be
one of the areas  of fur ther  stud y and possible  rehabil i tat ion . To a
large extent thi s conclusion was based on very hig h levels of
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TABLE 5- 1

P a r t i c l e  Size D i s t r i b u t i o n  of San F r a n c i s c o
Bay Sediments [4 ]

Perce ntages

Location Sand Silt Clay

Oakland Outer Harbor 50
31 30 39
59 17 24

Oakland Outer Harbor 2 28 70
Turning Basin 6 25

3 28 69
11 38 51

Oakland Inner Harbor 16 26 58
31 21 48
22 33 45

Islai s Creek Shoal 6 34 60
7 33 60

Richmond Harbor Channel 6 34 60
7 33 60

Southampton Shoal Channel 91 5 4
9 1 3 7

Pinole Shoal Channel 12 38 49
9 33 5~

Mare Island Strait C hannel 6 43 5 1
8 38 53
8 41 51

12 46 4 2

Redwood Creek Channel at the Mouth 8 35 57
5 37 5R
6 35 59

Redwood Creek by Corkscrew Slough 12 31 56
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ca dmium , lead , and copp e r reported in the Islais Creek Chan nei.

Since the data indicating high values is ve r y  limite d , additional

sampling was recommended.

A more complete overview of San Francisco Bay sediment quality is
p rovided by othe r data gathered for  that JBF repo rt and summarized
in Table 5-2 . For gross  purposes of charac te r iz ing  these sedi-
ments , the anal yses  may be co mpared to old EPA sediment guide-
lin es [1] . These  guidel ines a rc  not present l y used by regula tory
agencies , having been rep laced by elutr iate testing p rocedures .
They  do , however , provide a roug h measure  against which the bulk

ana lyses  of Table 5-2 may be compared . When the sediment  analy-

ses a re  compared to the EPA dred ged material  dispos .1 c r i t e r i a

presented at the end of Table 5-2 , it is seen that the limit on vola-

tile solids is generall y exceeded in each of the areas  presented.

COD and TKN values a re  often exceeded and oil arid g r ea se  va lues

a re relatively low . Lead values a rc , on the average , approximately

at the level of the EPA standards , m e r c u r y values a re  general ly

less , and zinc values considerabl y g rea ter .  These levels a re

typica l of industrialized h a r b o r s  and do not represen t  g ross  pollu-

tion. Individual , limited location s may exist  within the Bay w h e r e

point sources  or natural  deposits have produced higher concentra-

tion s of con taminant s , but in genera l  the pollutant content of San

Francisco Bay sediments is not excess ive .

-- C. Treatment  Objectives

The objective of land disposal of dred g ed mate r ia l is to p rov ide

suff ic ient  s torage capacity at a reasonable  cost without causing

degradation of water  quality or other environmental  problems.
Many water t reatment  and solids handling and treatment pr ocesses

are  available which may assist  in accomp lishing thi s land disposal
object ive.  In general , these t reatment  p rocesses  may be
co n side r ed as :
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TABLE 5-2

Pollutant  Concen t r a t i ons  in San F ranc i sco  B~~y Sediment s

(Data  p r o v id e d  b y San F r a n c i s c o  D i s t r i c t  of Corps  of En~~in ee r s ,
b y San F r a n c isc o  Por t  Commission, and b y

Richmond  Depa r tment  of Public W o r k s )

C o n ce n t r a t i o n  Number  of
Location Pollutant  Value  Unit  Ana lyse s

San Franc i sco  Vol. Solids 7 . 1 p er c e n t  2 3
Dock Area COD 4 . 0  pe rcen t  2 3

TKN 0. 17 pe r cen t  23  —

Oil & Grease  0. 05 pe rcen t  2 3
Cd 0 . 38 mg /k g l b
Cu 52 m g / k g 23
Pb 12 mg /k g 23
Hg 0 . 82 mg /k g 16
Zn 136 mg /k g 2 3

Mare  Island Strait Vol . Solids 8 .0  p e rc e n t  36
COD 5 . 2 per cen t  36
TKN 0. 07 pe rcen t  36
Oil & Grease  0 .07  pe rcen t  36
Cd 3. 3 mg /k g 33
Cu 87 mg /kg 47
Pb 60 mg /k g 47
Hg 0. 3 mg /k g 47
Zn 218 mg /k g 47

Alameda Naval Vol. Solids 7 . 7  percent  28
Air Station COD 6 . 5 percent  2 3

TKN 0 . 19 percen t  2K
Oil & Grease 0. 10 percent  2 1
Cd 1, 0 mg /k g 15
Cu 53 mg /k g 20
Pd 54 mg /k g 28
Hg 0. 56 mg /k g 23
Zn 146 mg /k g 28

Richmond Vol. Solids 7 .0  percent  22
COD 4 .8  percent  22
T K N  0. 11 pe rcen t
Oil & Gr ease 0 . 14 p e rc e n t  2 2
Cd 3 . 3 mg /kg 20
Cu 65 mg /k g 22
Pb 46 mg /k g 25
Hg 1. 1 mg /k g 25
Zn 139 mg /k g 15
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TABLE 5-2 (continued)

Pollutant Concentration s in San Francisco Bay Sediment s

Concentration Number of
Location Pollutan t Value Unit An4yses

Islai s Creek Cd 0 .9  mg /k g 5
Cu 19 mg /k g 5
Pb 13 mg /k g 17
Hg 0. 6 mg /k g 17
Zn 42 mg /k g 5

Oakland Harbor Cd 1. 1 mg /kg 6
Cu 53 mg /k g 6
Pb 53 mg /k g 16
Hg 0 .5  mg/kg  16
Zn 152 mg /k g 16

Crite ria Formerly Used by the
Environmental Protection A genc

for Disposal of Dred ged Mater ia l  [
~

]
Concentration

Pollutant Value Units

Vol. Solids 6. 0 percent
COD 5.0  percent
TKN 0. 10 percent
Oil & Grease 0. 15 percent
Pb 50 m g / k g
Zn 5 0 mg /kg

- - Hg 1.0 mg /kg

5-8
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t i l L -t hud s  tu  r e I h un t  w~~te r qual i ty  uf l t  ) 1 t1~~~i niinirni,in i
t h ~ - rt - 1 ’ -~i s u  of c~~ l l t t i i i i a a i i t s , and

methods  fo r  c x t e n dj ~ i~ the u s e f u l  l i l e  of  the  d r e d e e d
m a t e r i a l  d i sposa l  s i te .

1. E f f l u e n t  W a t e r  Qual i t~~~~~ n t ro l

The San Francisco  Bay Region of the Ca l i fo rn ia  Reg ional  W a t e r

Quali ty Cont ro l  Board  is  respons ib le  for  set t ing v~a ter  q u a l i t y

regula t ions  fo r  d r e d ged mater ia l  conta inment  a r e a s  on San

Franc isco  Bay. A r ecen t  r ep resen t a t i ve  set of d i s c h a r g e

specif icat ions included the fol lowing l imitat ions { 6 1

a . T urb id i ty  at a point 100 feet f r o m  the d i scha rge  point
may not be inc reased  b y more  than S uni ts  if the
background  is less  than 50 uni ts , b y m o r e  than 10 unit s
if the back g r o u n d  is 50 to 100 uni ts , and more  than
10 percent  of back ground if th e back ground  is g rea te r
than 100 u n i t s .

b. The amount of set t leable matter  may not exceed
. 1 .0  mi / i / h r .

c , The concentra t ion of lead may not exceed 0 . 05 m g / i ,
and mercury  may not exceed 0 . 0 0 5  m g /i .

To meet these requ i rements  it will be n e c e s s a r y  that sound

eng ineeri ng p rocedure  be followed in the des ign  f the containment

area.  Limitations on tu rb id i ty  and settleable solids can genera l ly

be m et b y providing adequate res idenc e t ime in a holding pond .
Settling tes ts  have been pe r fo rmed  for  the Buf fa lo  Dis t r ic t  of the

Corps to provide an es t imate  of the amount of po llutant s which -J
wou ld be d ischarged f rom diked disposal a r e a s  { 7 , K~ . Samples

of hopper d red g in gs were  allowed to sett le for per iod s of one to

- - 40 hours  followed by m e a s u r em ent of physica l  and chem ica l

p a r am e t e r s  of the supernatan t  l iqu id .  A typ ical r e s u l t  is  shown

in Table 5-3 . In ei ght sa mples tes ted , se t t l ing  for  even one hour

produced  d r ama t i c  r e s u l t s . The removal  of s u s p e n d e d  sol ids  was

in each ca se  g r e a t e r  than 99 p e r c e n t , l eav ing  r e s id ual c o n c e n t r a t i o n s
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TABLE 5-3

Set t l ing  Tes t Data, Fa i rpor t  Harbor ,  Ohio [7 J

EIGHTEEN FORTY
ONE HOUR FOUR HOUR HOUR HOUR

INITIAL SETTLING SETTLING SETTLING SETTLiN G

COO. mg/I 14540 202 133 97 101

TOTAL SOLIDS . mgil 363.000 4240 — 2712 2460

DISSOLV ED SOLIDS. mg/i 2140 2143 2140 2140 2140

SUSPENDEDSOLI DS. mg/l 360560 2130 — 672 320

TURBIDITY. JT U 155.000 760 — 195 52

TOTAL PHOSPHO~~US rn~fl 10 0.280 — o.sa o i s

SUR FA CTANTS. mg/I — 0.06 —_ —
SEDIMENT . mi/i 700

KJELDAHL NITR OGE N. mg/I 696 56.5 333

OIL AND GREASE . mg/I 1865 4 — <10 <10

IRON. mgfl 6500 22.5 —

CHROMIUM. mg/i 73 0.200 0.04 0 0.035

CADMIUM. mg/I <0.4 0.030 0.052 0.051 - 0.043

ZINC. mg/I o .i~o 0.099 0.025 0.023

MANGANES E. mg/’ 145 2.200 0.021 0.019 
-

COPPER. mg/I 
- 

11 0.070 . — 0.060 0.070

NICKEL . mg/I - <3.6 — — <0.015 —

CHLOR IDES . mg/I — 284 — — —

5-10 
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e t v e e n  210 and 2 13 0  ni~~/ ] . A l l i o u~~1i f u r t her  t r - ,t t i ~~~-n t  may  bc

ll~~ essary p r i o r  t~~ isc ]largr.- of t ] e  b up e r n J t d f l t , ti~~ 5 L c 1 t i l l e n t ,~ t 1Ofl

p r oc e s s  will  p r o d u ce  an e l i ]  t en t  i i a v i nu  a Io’a su s p e n d e d  so l ids
Cu tic - titra t i n anu t ow in  o the r  p o l l ut a n t s  -
~ second a s pec t  of r e t u r n  l lo~ q u a l i t y  i s  t h e  c o n c e n t r a t i o n  of

me ta l s .  That  c o n ce n t r a t i o n  i s  v e ry  d i f f i c u l t  to p r e d i c t  because

the  complex n a t u r e  of the chemica l  r e a c t i o n s  and ph ys ica l

i n t e r a c t i o n s  b e t w e e n  the  metals , w a t e r , p a r t i c u l a t e  ma t t e r ,

or~~an 1cs , and o the r  i n f l uen c e s  make e s t ima te s  of wat e r  qu a l i t y

u n c e r t a i n . The fol1 )wir a ~ f a c t o r s  wil l  all i n t e r a c t  to d e t e r m i n e

the m&~ta ls  c o n c e n t rat i on  in r e t u r n  f lows :

a~ P a r t i c u l a t e  Mat te r .  The assoc ia t ion  of heavy metals

with pa rt i cu l a t e  and colloidal species  can be a t t r i b u t e d  to a

v a r i e t y  of m e c h a n i s m s. Sand and silt pa rt i c l e s  contain mine ra l s

which  may inc lude  heavy metal s , but should not contain l a rge

c o n c e n t r a t i o n s  of a d s o r b e d  metals  due to t h e i r  l imi ted s u r f a c e

area .  Clay minera l s  wil l  c o n t r i b u t e  heavy metals both b y

inco rpo ra t i on  wi th in  the minera l  s t r u c t u r e  and b y adsorpt ion and

ion exchange onto the s u r f a c e  and into the s t r u c t u re .

The a~~su r p t ion of t r a c e  e lements  onto minera l  s u r f a c e s

cart occur w i t h o u t  ion exchange as a resu l t  of coulombic  i n t e r a c t i o ns

wi th  the  s u r f a c e , Ion exchange  can also e x e r t  a c o n s i d e r a b l e

e f f e c t  on t r a c e  meta l  up take  b y suspended  p a r t i c u l a t e s  and is
-
~ cons idered  to be the most impor tant  mechanism for chemical

c o n t r o l  at the  s e d i m e n t- w a t e r  i n t e r f a c e  in the oceans  [ 9 ]

h . Solub i l i t y. In some cases  solubi l i ty  should be the l i m i t i n g

a c t o r  on h e a vy  metal  c o n c e n t r at i o n s , hut  t h e r e  is  c o n s i d e r a b l e

u n cer t a i n t y in the c h e m i c a l  n a t u r e  and comp os i t ion  of the

pr e c i pi t a t  - [ 10~ . A n u m b e r  of e lement s a r e  o f t e n  found in

conc e n t r a t i o n s  wh ich  exceed solubi l i ty  l i t t it s . H oweve r , the

5 — 1 1
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Limits a r e  based on equ i l ib r ium c o n s i der a t i o n s  and n a t u r a l  w at e r s

a re  o f t e n  n ot  at equi l i b r ium . A n  add i t iona l  fac to r is the pos s ib i l i t y

of coprecip i ta t ion  which would r e su l t  in en t rapment  of some meta ls
b y the p r e c i p itation of Otin i’S .

c • Conip lexat ion .  A potentiall y imp or tan t  fac tor  a f fec t ing

heav y metal concent ra t ions  is com plexation b y bo th or g anic and

ino rgan i c  ligands [ 101 . P r op e rt i e s  of the heavy metals  which

may be infl uenced b y f ormation of complexes include solubil i ty,

adsorp tion on suspended and bot tom sediment s , and uptake b y

biota .

d. Oxida t ion-Reduc t ion .  Mic rob ia l  degradat ion  of o rgan ic

mat ter  causes  lowered  oxygen levels , lowered redox poten t ia l s,

and lowered pH which increases  the solubi l i ty  of many mn etals[ ii i.

Iron is known to be important in thi s way.  In a di k ed disposa l

ar ea metal concent ra t ions  have been found to f i r s t  dec rease  and

then inc rease  wi th  t ime [121 . The mechanism proposed was that

reduced  i ron  in the dred g ed mat erial was re leased and oxidized

in the wate r  dur ing  dred ging.  The resu l t ing  insoluble f e r r i c

hy droxide p recipitated , with the preci pitate car ry ing ot h er meta l s

to th e botto m by adsorption a n d / o r  entrapment . Wh en the i ron

was re - reduced  in the sediment s forming soluble f e r r o u s  i ron ,

the heavy metals were  released back into the wa te r .

Prat t  and O’Connor have considered the probable  effect  on metal

mobil i ty of oxygen levels in sed iment s [ 1 1]  . In general , they

conc luded that in oxygenated sediments  the format ion  of insolubl e
compounds and sorht ion  r e su l t s  in a low flux to the overlying wate r .
If the sed iments  a re  anoxi c , that chemical envi ronment  a l te rs

metal species to p r o d u c e  inc reased  mobil i ty.  On the other hand ,
• if hydrogen  sulfide is produced by anaerobic microorganisms,

then the  su l f ide  will  pr eci pita te many metals  as the ve ry  insoluble

5 - 1 2
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s u l f id e .  Copper , z i n c , and c a d m i um  should be i n u i t u i nl i  z e d  u n d e r

an o x i e  c on d i t  0 s , i i i C u ]j a l  t , n:anganese , and n i c k e l  a r c  r e a d i l y

s olw i lc . T h e  b e h a v i o r  01 m e r c u r y  is m o r e  c u n . p l i c a t e d  b e c a u se

u n d e r  a t t ae r o b i c  c o n d i t i o n s  m e r c u r y  comp ound s can  be mneth y la ted

to the  vola t i le , hi ghl y toxic meth yl me r c u r y .  h o w  ever , if h yd rogen

s u l f i d e  is p r e s en t , then  insoluble  m e r c u r y  su l f ide  may be the
r e s u l t ,

A r e c en t  stud y conduc ted  for  the San F r a n c i s c o  D i st r i c t  of the

C o rp s  a t tempted to d e t e r m i n e  the extent to w h i c h  sediment:
— a s soc ia ted  pol lu tant s may be re leased  to the  wa te r  column and

made avai lable  to the ecosys tem as a r e s u l t  of ma in t enanc e

d r e d g ing and disposal  ac t iv i t ies  in the San Franc i sco  Bay and

E s t u a r y  [ 4 1 . Condi t ions  i nves t iga t ed  inc luded  such s ed imen t

c h a r a c t e r i s t i c s  as o rgan ic  content , cation exchang e capacit y ,  and

minerology  and also salinity , pH , Eh , t e m p e r a t u r e, and pollutant

concen t r a t i on  in both the  wate r  and sediments .  It was  concluded

that , for  San F r a n c i s c o  Bay, the ox ida t ion - reduc t ion  potent ial

appeared to he the  most si gnificant  environmental  parameter

which  con t ro l l ed  the f ina l  wate r  column metals concentrat ion

a f t e r  mi xing w a t e r  wi th  polluted sediment .  When the mixing was

accompl ished under  ox i d i z i n g  cond i t ions  the concen t ra t ion  of

c a d m i u m , copp er , lead , and zinc all showed si gn if i can t ly hig her

c o n c e n t r a t i o n s . U n d e r  reduc in ]2  cond i t ions  and in t h e  p r e s e nc e  of

s u l f i d e s  t h e s e  me ta l s  would  be v e r y  s u s c ep t i b l e  to i n c o r p o r a t i o n

in to  the s ed imen t  as i n s o l u b l e  s ulf i des .  Ap p a r en t l y  when  unde r

ox id i z ing  c o n d i t i o n s  the  p r e s e n c e  of the  h yd r o u s  ox ides  of i r o n ,

aluniinui i~, and m an t ~an e s e  w e r e  r e l a t i v e l y  i n e f f e c t i v e  in pr v e n t : n t ~
r t ’ lea~~ ’ of heavy n - t a i l s.

I ron and m a n g a n e s e  o p e r at e d  in the  oppo site manner  in that t h ey

w e r e  r e l e a sed  u n d e r  r e d u c e d  cond i t i ons  and held  u n d e r  o x i d i z i n g

c o n d i t i o nc . Thi s is d u e  to the  i nc r e a s e d  ~o l u h i l i t v  of  t he  lower

- - 1 3
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va lence  sp ec ies  - omp ared  to the ox id ized  sp ec ies . It is  evident

that  the  c o n c e n t r a t i o n  of d i s so lved  oxygen  in the containment  area
\ \ at e r  and sed iment  w i l l  have a p ronounced  eliect  on the m o b i l i t y

of metals.

Dred ged mater ia l  containment areas waters generally contain

re latively hi g h concentra t ions  of dissolved oxygen as a resul t  of

photosynthet ic  p r o d u c t i o n  b y al gae and d isso lu t ion  f r o m  the

atmo sphere .  It is  probably true that in most cases there is

in su f f i c i en t  ox id izable  organic  matter in dred ged material to

produce anoxic condi t ions  by bacterial  action in the water  of

di k ed dis posal a r eas , alt houg h t he sediment s wi ll exist in an anoxic

stat e exc ept for  an aerobic zone which may occur in the top few

cent im eters .

An attempt has recent ly been made 1 41 to develop pred icto r

relationships to est imate the concentrations of heavy metals that
would resul t  on mixing of sediment with water .  The predict ions
which resulted generally produced imprecise  estimates which were

not of appreciable value in determining soluble metal conc entrations.
In dik ed disposa l areas add itional compli cation s enter  beca u se th e

water storage time is variable and uncertain due to gradual filling

of the site and hydraulic short c i rcui t ing . Also , i n addition to

soluble species , metal s would be associated with any particulate

matter escaping in the eff luent .

In summary, the possible release of metals f rom diked disposal
areas depends both on the chemical natur e of each metal and also
on the presenc e of oxygen and sulfide in both the sediment and
over lying water .  It is very difficult  to predict  the level of rr~~ta1s
discha rg ed f r om a dik ed disposa l a rea . It is tempting to t r y  to

• es t imate metal concentration s in the re turn  flow , based on bu lk
sediment analyses , but it has general ly  been concluded that bulk

I
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ch i ~’in i ~ ~L I  ot  1u , S it o  i is n ot  a use  ful  ind ex ol po ten t ial  envi  r onmen  —

,~ ate r ~u a u i t y  p r ob l e m s .  Th i s  i s  I~C C t i U S e  bulk  anal y se s  do not

account  t er  (he  ‘ a r  y ing in pact of t h e  d i f fe r e n t  chemica l  f o r ms
of an eh e i m ’n t  4 1 1 12  1.

A n o t h e r  approach  to  e s t i m a t i n g  the  co n c e n t r a t ion  o1 me ta l s  in d iked

a r e a  r e t u r n  i lce.v S ‘a ould  be t h r o u g h e v a l u a t i o n  of th c  r e t u r n  f l o w s

f r o m  e x i s t i n g  diked d i sposa l  a r e a s,  U n f o r t u n a t e l y ,  land d isposa l

is not wide l y us~~c1 in  the  San F r a n c i s c o  Bay a r e a  at t h i s  t ime so

tha t  ex i s t ing  r e c o r d s  of r e t u r n  f low q u a l i t y  mus t  be o b t a i n e d  f r o m

other  g e o cr a p h ica l  a r e a s .  Those s e d i m e n t s a r e  d i f f e r e n t  in

chemica l  a: i r i  ph y s i c a l  compos it i on  and t h e  d i s p o s a l  a r e a s  ma y  not

have been d e s i g n e d  b y good eng i n e e r i n g  s t a n d a r d s .  N e v e r t h e l e s s ,

an i n d i c a t i o n  of c - t a r n  f ] o \ C  q u a l i t y  can he ob t a i n e d .

\V indon i  [13 , 14 1  has  p r e s e n t ed  the data in Table  5-4 on conf ined

disposal  a r e as  in  s o u t h e a s t e r n  U n it e d  States . W h e r e  multiple sets

of data a r c  a~i ven , sam p les  w e r e  anal yzed  at severa l  t imes  at the

same d i s c h a r g e  po in t . Metal va lues  a re  seen to be somewhat

v a r i a b l e , but  q u i t e  low in compar i son  to the San F r a n c i sc o  Bay

s t a n d a r d s  p r ev i o u s l y p r e s en t e d  (Pb  So ~ g / l , Hg :~ igJ l) .  Thi s

r e s e a r c h  i n d ic a t e s  that  p r o p e r l y des i gned se t t l i ng  a r ea s  a r e

capable  of p r o d u c i n g  e f f l u e n t s which  can meet  the  ex i s t ing  w a t e r

qua l i t y  s t am h ~r d s  of the  C a l i f o r n i a  Reg ional W a t e r  Qua l i ty  Control

B o a r d .
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If s e d i m e n t a t i o n  alone wi l l  not r e s u l t  in a s a t i s f a c t o ry  e f f l u e n t

du e  to poor s e t t l i n g  p r o p er t i e s  of the  so l ids  or i n s u f f i c ie n t

d e t e n t i o n  t i m e , coagu lan t  c h e m i c al s  may  he u s e d . Co a g u l a t i o n

is  a p r o c e s s  er~p loyed for  the  sep a ra t ion  f r o m  w a t e r  of m a t e r i al s

in co l lo ida l  f o r m  or in a f ine  suspens ion . A p r ac t i c a l  d e f i n i t i o n

of co lloids  is t hose  p a r t i c l e s  w h i c h  wi l l  not se t t le  in a r e a s o n a bl e

amount  of t ime .  The cause  of t he i r  s tab i l i t y is that they a r e  too

small  to se t t le  rap idl y and wil l  not agg lomera t e  to f o r m  l a rge

p a r t i c l e s  clue to s imi lar  e lec t ro s t a t i c  s u r f a c e  c h a r g e s .

M e a s u r e  of coagula t ion  e f f ic i e n c y is of ten  e xp r e s s e d  in t e r m s  of

the p e r c e n t  r emova l  of suspended so l ids  or t u r b i d i ty .  Many o ther

c l a s s i f i c a t i o ns  of pollutant s a r e  a lso  a s s o c i at e d  wi th  suspended

matter , so that as t u r b i d i t y  is  r educed , c o n c e n t r a t i o ns  of c o l i f o r m

bacter ia , chemica l  oxygen demand biological  oxygen  demand ,
p a r t i cu l a t e  heavy metals  and other  pol lu tan ts  a r e  also r e d u c e d .

An important  d i f f e r e n c e  in the coagula t ion mechanism exists
between the two typ es of coa g u lant s , inorgani c metal salts and
s ynthe t ic  pol y m e r s . Pol y m e r s  act b y f o r m i ng  br id ges among

pa r t ic l e s  to t ie  them t o g e t h e r . The e f f ec t  is  comp letel y ph ys ica l ,

and t h e r e f o r e  d i s so lved  pol lutant s a r e  not a f f e c t e d . On the o ther

hand , metal  sal ts  (alum , l ime , and i ron  comp ounds )  en ter  into

chemical  p rec i p i t a t ion  r eac t i ons  wi th  o ther  po l lut an t s such  as

p hosp h o r u s  and d i s s ol v e d  meta l s .

Coagu la t ion  s y s t e m s  cons i s t  of t h r e e  op er a t i o n s:  1) m i x i n g  of

coagu lan t  chemica l s  wi th  the w a s t e w a t e r , 2 )  f l o c c u l a t i o n , or slow
m i x i ng ,  which  c a u s e s  co l l i s ions  among the d e s t a b i l i z e d  p a r t i c l e s ,
and 3) s e d i m e n t a t i on  to r e m o v e  the  l a r g e  h o c  p a r t i c l e s  w h i c h  a r e

f o r me d . F i l t r a t i o n  may also he used e i t h e r  in p lace of , or i n

• a d d i t i o n  to , s e d i m e n a t i o n .
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Man y chemicals may be emp loyed in the coagulation pro cess .

Each of these behaves di f fe ren t l y depe nding on the concentra t ion

used , the p H dur ing  coagulation , th e nature  of the cofloids , and
t he nature  of the wa te r .  Determination of the type and quant i ty
of chemical and the best p H value is based on a ser ies  of labora tory
ba tch tests  called ‘jar  te sts . Sinc e little is known about

coag ulat ion of dre dged mat eria l s, ext ens ive  tes t ing would be
req uired  pr ior  to coagulation desi gn.

A stud y per formed for  the Buffalo Dis t r ic t  by Dow Ch emical

Company evaluated the use of syntheti c pol ymers to treat the

ef fluent f rom a diked disposal area [ 15 1 . Laboratory  coagulation
tests were performed with return water from two disp osal sites ,

one of which contained a hi gh su spended solids co nce nt r at ion ,
since the capaci ty of the disposal area had almost been exhausted .
The other had a v e r y  low suspended solids concentrat ion . It was
conc luded t hat th e best  coa g ulatio n was accomplis hed wit h fer r ic

chloride and a Dow polymer , Purifloc C -3 l . Thi s combination was
then t r ied  in f ie ld  tests  at that dred ged mate ri a l disposal site

which had the low suspended solids concentration to demonstra te
that coagulat ion could fu r t h e r  r educe  the pollutant-  load in the
disposal area d i scharge.  The chemical  dose was est imated to be
33 m g/ i  FeC 1 3 and 7. 5 m g / I  Pu r i f l oc  C-3 1 . F loccu lat ion was

accomp lished in a sloped co r ruga t ed  metal  p i pe. The set t l ing
ar ea was a diked pond having a theore t ica l  de tent ion  t ime of about
10 hours .  It was found  that  susp ended  so l ids  concen t r a t i on  could

be reduced f rom 55 m g / i  to L u m g / i  (3 2  p e rcen t  removal ) and t hat
tu r b i d i t y  could he reduced  f ront  97 u n i t s  to 2~’ u ni ts  (73 pe r ce nt

removal) .  A r e d u c t i o n  in total coliforro was also noted , hu t  tota l
p hosp horus  and COD remained  essent~a 1ly the  sante .  Sinc e these
measure ments w e r e  taken  at the point o f  d i s c h a r g e  r a the r  than
100 feet f rom that  point and the  hack~~r ound  t u r b i d i t y was not
s ta ted , i t  i s  not p o s s i b l e  to d ir e c t ~ y re la te  thi s deg ree  of removal
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to San Francisco Bay water  qual i ty  r e q u i r e m e n t s .  However , it

is clear that coagulation sys tems can substantia l ly upgrade land

disposal  area eff luent  qual i ty  in a sim p le and inexpens ive  system .

A second method for  removal  of suspended solids in disposal  area

eff luent is fine sc r eens .  Fine s c r eens  ma y be of the disk or d r u m

t ype , wit h s ta inless  steel or n o n - f e r r o u s  w i r e - m e s h  screenclo th .
The disk typ e has a ver t ica l  c i rcu la r  screening su r f ace  that

r otates on a hor izo ntal sh aft set sli g htl y above the water  s u r f a c e .

The drum type revolves  at about 4 rpm around a hor izon ta l  axis

and ope rates  about ha l f - submerged .  The w a t e r  f lows in one end

of the drum and o utward throug h th e sc reen clot h . Commonly

used sc reen  open ings  a re  ~~~~ 35~~, and 60~i. In both the  d i s k

and dr um types the solids are raised above the l iquid level  by
rotation of the screen and are  back f lushed into r ece iv ing  t r o u g hs
by high pressure jets. One style of drum type fine screen is

cal led a Micro s t ra iner  which is a t r ademark  of Crane  Comp any,
bu t othe r m a n u f a c t u r e r s  o f fe r  similar eq uipment .

Similar to f ine screens  are  f i l t ra t ion devices which also are  used

to remove suspended solids f rom water,  Num erous f i l t e r ing

systems are  available f rom equi pment m an u f a c t u r e r s.  One

int e r e st in g conc ept is t he moving bed f ilter  b y Johns-Manvil le
Products  Corpora t ion .  The sand f i l te r  medium is d r i v e n  t h roug h

a cone coun t e r - cu r r en t  to the flow of was tewate r .  Movement of
the sand is accomplished by a h yd r aulica ll y actuated diap h ragm.
Sinc e th e sand is  constant ly bein g removed , clean ed , and r e t u r n e d

to the sys tem, the f i l t e r  uni t  does not have to be stopped for

bac kwashing as do conventional uni ts .  Another type of uni t  which

is o f f e r e d  by severa l  companies is  designed to min imize  the
bac kwashing pr ob lem b y automatically running th roug h a backwash

• cycle  when the head loss reaches  a p rede te rmined  value .
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In addition to automatic g rav i ty  filters , n umerous  press ure

fi l te rs  are avai lable.  These consist of a closed steel shell
contai ning a bed of granular  f i l ter  media over a collecto r system .

Of these processes  for removing suspended matter f rom water ,
the process which will be most likely to be emplo yed is  plai n
settling in ponds . If in suf f i c ien t  due to poorl y settling solids ,
inadequate pond volume , or v e r y  stringent eff luent  requi rement s ,
then a coagulation system would almost certainly p roduce  an

effl u ent of hi gh enoug h qual i ty  and at a lower cost  than either
screens or filters.

In urban a reas  many dr edged mater ials  will  contain hi gh
concentrations of pathogeni c or ganisms due to local sewer and

stormwater outfalls. Unfortunately, ve ry  little information exists

concerning the bacterial pollution potential of dredging contami-
nated sediments . An indication of the problem is given b y da ta

from the Norfolk , Virg inia, Craney Island diked disposal site.

Limited data on the sampling of the effluent showed that the

concentration of total coliform varied between 100 and 33 , 000

c o l i f o rm/ l O O  ml. For comparison to water quality uses ,
col i form limits at bathing beaches usually range f rom 240 to
2400 coli fc rm/ 100  ml , and approved shellf ish areas generally

allow less  than 70 col ifo rm / 100  ml for a median value with not

more than 10 per cent exceeding 230 c o l i f o r m/ l O O  ml [lb ].

The conditions at Craney Island are almost certainl y less severe
than those found at other disposal sites sinc e Craney Island has long
residenc e times due to the very large size of the pond area. The

ef f ic iency  of these settling areas is good since the effluent suspended
solids levels  during the tests  cited above were  only 14 to 174

• m g / i  - In other  instances where less pond residenc e t ime is
available , g rea te r  coliforrn densi t ies  should be expected.
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C h lor i n at i on  is b y t a r  the  mos t  common method  of di s i n fec t ing

w a l e r  and s l i o n l d  be c i t . p l ey e d  if b a c t e r i a l  pr o b l e m s  o c c u r  in the

— 
r e t u r n  f I ov- . A pr  c t b l e i a  ‘a i t l i  c h l o r i n e  is  that  it  w i l l  rap idly r e a c t

‘a ith  any a n i i n o I iia  p r e s e n t . Data f r o m  Skidaway I n s t i t u t e  of

O c e a n o g r a p h y [ 13  I has i nd i c a t e d  t h a t  l a r g e  q u a n t i t i e s  of ammonia

a r e  r e l e a s e d  on  i n i t i a l  d i s p e r s i o n  of p o l l u t e d  s ed i m e n t s . On

storage in a containnient pond th ~ m i c r o s c o pic plant commun i ty

in  the w a t e r  w i l l  u t i l i z e  t h e  am m o n i a  and c o n v e r t  it  to n i t r a t e s .

Amm onia c o n e e n tr a t i o n s  as ht~~h as  a to 5 u g  / 1  w e r e  found  in

d iked  a r e a s  in  th~ C h a rl e s t o n , South C a r ol i n a , a r e a .  Si nc e it has

been  found  tha t  two molec u le s  of c h l o r i n e  a r e  r e q u i r e d  to com-

p letel y r e ac t  w i t h  each mo lecu le  of a m m o n i a, t h i s  would  r e p r e s e n t

a c h l o r i n e  demand of 12 to 1, m g / i  and ‘a ould  i n c r e a s e  the

c h emi c a l  cos t  of d i s i nt e c t i o n  p r o p o r t i o n a t e l y .

Dur ing  the  conduct  of thi s stud y sed iment  samples w e r e  taken at

Mare  Island to eva lua te  the  po ten t ia l  l each ing  of pol lut ion  f r o m  a

land d i sposa l  s i t e  in the  San F r a n c i s c o  Bay a rea . Sediments  a r e

d i sposed  of at the Mare  Is land land d isposa l  area  exc lus ive ly  b y

the  Ma r e  I s l and  Naval  Shi p ya r d  which opera tes  t h e i r  own d redge

in Mare  I s land  St ra i t . Sediment i s  pumped b y the d r e d ge d i r ec t l y

to the d i sposa l  s i te  v. hich is p r e sen t l y f i l led to a de pth of ti to

“~ f ee t .

A n u m b e r  of s ed imen t  samples w e r e  t aken  in the  v i c i n i t y  of t h e

e f f l u e n t  w e i r  nea r  t h e  n o r t h e r l y end of s i t e  bo th  i n s i d e  the  s i t e

and in  the  a d j a c e n t  m a r s h  area  as shown in Fi g u r e  5 -1 . It was

a pp a r e n t  f r o m  v i s u a l  o b s e r v a t i o n s  of the topograp h y of the  m a r s h

a rea  and cores taken , and confirmed by the N a v a l  p e r sonne l

‘a ho ape  r a t e  the  a r ea , tha t  d u r i n g  c o n s t r u c t i o n  much  dred ged

m a ter i a l  washed out onto the  m a r s h  and c o v e r s  the v i r g in mate r ia l .
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Val lejo

San Pablo

Loc us

San
Pablo  Marsh  Diked Disposal Area
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0 . l M i l e
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Fi gure  5-1.  Samp le Locations at Mare Island
Land Disposal Site
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A Davis  peat c or er  Wa s  u s ed  to o b t a i o  5 - t i c  p ies f r o m  dep ths  up to

1~ le ct T N 0  re~~ilt s c i  anal y s i s  ol these samp les i s  shown in

~ able 5 — - . Sample p a i nt  A was in the Center of the area

app rox ima te l y e q u i d i s tan t  f r o m  the eas t  and  west d i k e s .  Point  B

was  ha l fw ay b e t w e e n  t h e  d ike  and the  w a t e r s  ed ge w h e r e  point  C

wa s  loca t ed . Samp le loc a t i o n  D v,as loca ted  ap p r o x i m ate l y 0 . 2

mi les  so ut h  of t he  ‘a c i r . At po int  A samples w e r e  t aken  at f o u r

depths franc the s e r f o :  e to 15 fee t  to c h a r a c t e r  i/ _ c the n a t u r e  of

the  material within the d i sp osa l  s i te .  These  d r e d ged m a t e r i a l s

a r e  seen to be wel l  compac ted  and q u i t e  u n i f o r m . Meta ls  levels

appear  tu  be sli g htl y hig he r  t o w a r d  the s u r f a c e , but the  d i f f e r e n c e s

a r e  smal l .  Material below o r i g inal bot tom of the disp osal  area ,

b e h )w  about  ‘t fe e t , c on t a in s  essential ly the same concentra t ion

of meta ls  as tha t  above  it . It i s  not known w h e t h e r  th i s  is due to

l e a c h i n g  of meta ls  f r o m  d r e d ged ma te r i a l  into the v i r g in m a t e r i a l ,

or on the  o the r  hand , a r e s u l t  of the  s im i l a r i t y  be tween  the  v i rg in

ma te r i a l  and M a r e  Is land Strai t  sediment . The d i sposa l  si te is

on a salt m a r s h  and thu s probab l y geological ly qu i te  s imilar  to

the s ed imen t s depos i t ed  in M a r e  Island S t r a i t .  A d i f f e r e n c e  is

that  the  r e c e n t l y dep osi ted sed iment s  hav e been  subj e c t ed  to

pollu ion . P robab l y both  f a c t o r s  have  c o n t r i b u t e d  to the s i m i l a r i ty

in metal content .

When t h e s e  meta l  c o n c ent r a t i o n s  a re  comp ared to the data

p r ev i o u s l y  p r e s e n t e d  in Tab le  5-2  fo r  Mare  Island Strait  sed iment s

it is seen tha t  t he  c o n c e n t r a t i o n s  of z inc  and copper  are  q u i t e
-
‘ s imi la r , but  t h a t  c admium and lead a r e  c o n s i d e r a b ly lower  in

the  d i sposa l  a r ea  and m e r c u r y  is  at least  somewhat  l o w e r .  U n d e r

anoxic co ndi t ions , as seen b y the  concen t ra t ion  of to ta l  s u l f i d e

which i n c r e a s e s  w i t h  dep th , these  meta l s  should  be pr e c i p i ta ted

as the s u l f i d e  and w o u l d  not have  l eached  f r o m  the  sedimen t .

The  r eason  for  t h e s e  u n u s u a l ly  low va lues  i s  not known.
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S~ np le s h, C , and I) W t c ~~c t a k e n  o u t  s l u e  tN~ tic -cp sal a r e a  d i k e .

~~~~~ c i c ’ ’ c  s imi l ar  r e s u l t s  to 1 1 c c ’  t u t c n d  i ’ c c i d ~ t ee  d i sp o s a l

ar  ea .  ~~ t l o ca t i u o  D the  top t w c  s~~c c  nt - s ar e  cr y  s i m i l a r  in

mete. l s c a n t o  ut  to each 0Ji  or and to all oth c  r san  p1 c S . At

a feet , i~ c. h a t  n us t  be v t r g in m a t e r i a l , the c o nC  c nt r a l  ion c r  i r an

‘a-as slig h t ly  hi gh er  a r i d  i c a n ga n e s e  wa s  a ln  c t  t v  i c e  ac  hi g h is

any o t h e r  v a l u e  found . It is not apparent ‘a b y th e  l e v e l  s ho u ld  be

so hi gh , but  it does n t  se em  to be due to pr a\ : c m ity  t i c  the Ci spusal

a r e a .  If i t  ‘ a - c - r e, t hen  a h ig h m a n g a n e se  c o nc e nt r a t i o n  ‘a a c i d  a l so

have been appar  crc ’  at 3 fee t  and 1 . 5 f~~et .

A samp le n b t a i n e d , b i t t  not an -il y :e d , f r o m  n o r t h  of the  d i sp o sa l

a r e a  aga in  L p p e a r e d  to c on s i s t  of s e v e r a l  f e e t  of d r e d ged n a t c r n ~1

o v e r l ying v i r - ~t i n  se d i m e n t s . It i s  a p p a r e n t  tha t  c o nst r u c t i o n  of t l i e

d i sp osa l  a rea  and s u b s e q u e n t  f i l l ing  have  r e s u l t e d  in an o v e r l a y

of d red ged ma te r i a l  0cer  aci a rea  many  t ime s g r e a t e r  than the

ac tua l  d i spo  c- a l  s it e .

Based on thi s data it does not appear that me ta ls  u r e  leaching f r o m

the  d i spo sa l  a r ea .  The v i r g i n  ma te r i a l  is v e r y  s imilar  in me ta l s

content  to the dred ged m a t e r i a l  and v a r i a t i o n s  w h i c h  cx i st  do not

appear a t t r i b u t a b l e  to the  land d i sposa l  ope ra t ion .

2 . Methods  for  the E x t e n s i o n  of the U s e f u l  L i f e  c f  Land Disposa l
• S i tes

j - At the p r e s e n t  t ime  a lmost  all land d i sp osa l  s i tes  a r e  o p e r a t e d  as

dump ing g r o u n d s  at which  l i t t l e  a t t en t ion  has been g iven to

op tinu~~ing the use  of the s i te  so that l i fe  of th~ site is extended

for  as long as p o s s i b l e .  Such m e t h o d s  mi g ht inc lude  s ep a ra t i on

of reusab le  ma te r i a l s  and op t i m i z a t i o n  of dryr c~~ the  so l ids  to

i nc r e a se  s t o r a g e  capacity.  Sep aration of v a r i o u s  typ es  of so l ids

mi ght inc lude  s e g r e g a t i n g  sand and g r a v e l  f o r  sale to the

c o n s t r u c t i o n  i n d u s t r y ,  c lay  fo r  m a n u f a c t u r i n g  of b r i c k s  or
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a g g r e g a t e , or t r ea tment  of the solids to re duc e the level of

pol lu tants .  Land disposal area  s torage  capacity can be inc reased

b y improvement s in solids d ry ing and by other  techniques .

As dred ged mater ia l  a r r i v es  at a land dispo sal site , the f i r s t  type

of operat ion which  w ould be employed would be a separation of

la rge  solids f r o m  f iner  par t ic les .  The separa t ion may he based

on the d imensions  of the par t ic les  as in screening ,  or on a specif ic

g r a v i t y  d i f f e r e nc e between the part icle and water , as in c lass i f ica t ion.

a . Bar Screens

Bar screens are intended to p reven t  large objects  f r o m

enter ing the t reatment  process  where  they would either i n t e r f e r e

with later p r oc e s s e s  or damage equipment . In many cases ,

hydraulic d red ges  a re  able to pick up and t ranspor t  such items as

bou lde r s , scrap metal , w ood , etc . which should be removed

b e f o r e  any other t rea tment  p r o c e s s e s .

b . Sand and Grav el Separation

In dred ging p ro jec t s  sand and gravel  may make up a la rge

port ion of the sediments , Separation of these materials  would

lessen  the volume requir ing subsequent  t reatment , dec r ea se wea r

and abras ion  of eq ui pment , and may provide an opportuni ty for

sale of cons t ruc t ion  mater ia ls,

The cha rac t e r i za t ion  data presented  ear l ier  in thi s chap ter

indicates  that althoug h most Bay sediments contain only a small

f rac t ion  of sand , sediments f rom some locations are  predominate ly

sand (Southampton Shoal Channel , Oakland Outer Harbo r ) .  If it

can be de termined that t he re  is suff ic ien t  sand of the proper  g ra in

s i ze s , and that m a r k e t s  exist , then , in addit ion to the possibi l ity

• that  revenue may be genera ted , the effect ive  l i fe  of the disposal

s i te  will be extended in proport ion to the amount of material  sold.
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k~ r oc e ss e s  ‘a c a v e  pot - i i t i ~ t l  f o r  c - an d  ar i d  l t r ~i ’ - e l  separittiui l

i r e  e~~~ r se  s c re e n s , c l a s s i t ie r s , d i c e  i c v d ra y c i o n e s .

( 1) C - o . se S - - c i ~
C o a r s e  s e r e ~- c c s  a r -  t h o se \\it Ii r l a l i \ c l v  l a rc e  n p e n c n ~~S

v- h ich  ar e  i r i t - u c c ~d i t  r em o v e  on l y r1 ~~i t a j lus or l a r g e  g r a i n e d ,

p r ob a b ly  ] i l o r g a r c ; c  s u l i d ~~. l i c e s e  s c re e ns  a re  u s u a l l y  e i t h e r

S t a t i c c  c ia  r v or  n v  c i  a c i r c u l a r  \ i i ir a t io n a l  or  r e c i p r o c a t ing

h ori zont a l n o t i on .

T h r e e  typ e s  of  ( ;oar  so s c r een s  can he i d e nt  i f i ed . l ice f i r s t  of

t h e s e  i s  ‘- i b r a t i ci t i  ~c r e e n s  v h i ch  ope ra t e  b y i n d u c i n g  v i b r a t i o n s

n y r o t a t  c o l t  of e rc - r c t r l c  v. e ig h t s  on the  end of a ic c i t o r  shaft .

Th~-sc  d e v i c e s  m a y  he  e q i ;  p p c c i  w i t h  s e v e r a l  d e c k s  f s c re en s  to

or c i -  r i h i s h i  s i .  i n g  a rc h e l a s s c t y in i r  i n to  cr o up S  of c o i c ;p 0 0 0 L c l e  S i z e s .

l J r t i t s v~ h i c h  a n -  d e s i gned  t o  r emov e o v e r s i z e  p a r t ic l e s  in a hi g h

t i c r u i~~h p c i t  p r o c e s s  ar e  c a l l e d  scalp e r s , and a r e  o l t e n  used in

S af l  and  it r ov i * p - r a t  h e r  s - Such scr  ~ eI iS  may accon~pli  sh

s - r ) a r a t l e n s  a! e x t r - c r , iv  f i n c  p a r t i c le s  d a wn  to 400 m e s h .

l i e  S * ( i , l i ’  ‘ V ’ ot c t c a r S e  s cr i  en r s  t h e  s t at c o n a r y  s c ree n . A

r i - c u be r ot  ‘ : — r c o’- ; r c e  sc r e en s , or si mp le  s , e v e s , a r e  on the

at w h i c  cc a r e  do s i g n e d  a ac-: i i  n oe at e  i c r  g h l i n u i d  f low r a t e s .

N ie  r -  a - r .  t y  at  hose  c - n s i s t  ot no r I  / i n ta l  b a r  s c r e e n s  which  a r e

i i i  l i t ; - ;  a t  a b c ~~~ . t  43 ° r i ~; t h e  v e r t i c a l .  Flow ;~c t c r s  f r o m  a head

— 
u ’ :  ar .(: i lls dcc n’aard or! tb s c r - c -n . W a t e r  and f ine  sol ids

pa~~s t i ; r c ii g b i  w t ;  p a r t i c l e s  l a r o c r  t i t a n  t i c i -  mu sh s ic ’ c o l l e c t i n g

a t t o  b a s e  of  ‘he sc r u n .

T i e  t h i r d  t ; t e a t  c- -x r s e  s c r e en  is  a h o r i z o n t a l  r o t a r y  d r u m  s c r e e n .

c - t e n c f t  - r s  rom a h~ -ad  ~~~ and p a s s e s  t h r o u g h  t h e  s c r e e n .

f—h l i d s  are cotc\c ’ - ( ;  ~~ r o S s  t h e  lo p  of e qr u p n -nt  b y t h e  r o t a t i o n  of

• th  d r  ii. and c - p o s i t e d  c the  o c r  s i d e .
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Considerat ions  in the use of Coarse screening devices include the
positive aspects of simp le operation and low space req uirements ,
and the negative aspects of hi gh head required for operation (5 to
6 feet)  and the possible noise problem of vibrating screens.

(2)  Class i f ie rs

Class i f ie rs  are  desi gned to separate large quantities of relatively
large and dense solids f rom water . The operating principle is
di f ferent ia l  sedimentation in which control of water  velocity and

res idence  time allows separations of particles based on settling
velocity.  Thi s in turn is related to particle size and specific
gravity.  The princi ple differences among classi f iers  are  in the
methods for collection and transport  of the settled solids. Among
the types of c lass i f iers  are grit  chambers and other short residenc e
time settling basins used by industry.  Grit chambers have been
used for many year s in sewage treatment plants as a protective
device to remove sand and other abrasiv e materials.

A device designed for the removal of large quantities of dense
solids from water is the wet classifier and consists of a
sedimentation tank equipped with a large spiral rake which pushes
the settled solids up an inclined plane. Consideration of sp iral
diameter , pitch , length and speed , and of tank style and pool
depth produces the desired mesh of separation.

(3)  Hydrocyclones

The hydroclone is an inertial separator in which solids heavier

- 
than water are separated by centrifugal forces .  Water containing
suspended solids enter s tangentially at the velocity of 50 to 100 feet
per second. Centrifugal forces  hold the solids near the outer wall

- - as the fluid spirals downward into a conical section. As the
swirl ing flow enters the converging conical section a secondary

• flow builds up which car r ies  water inward and upward along the
axi s to the overflow outlet . Due to the outward centrifugal forces
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p a r t i c l e s  m o r e  d e n s e  t h a n  w a t e r  t e n d  to move in the opp os i te

d i r e c t i o n  and exit b y the  t inder  f low ou t l e t . The sep ara t ion

c h a r a c t e r i s t i cs of  the  h yd r o c y c  lone a r e  dep enden t  on s i ze , shape ,

and d e n s i t y  of the sol ids and the h y d rocyclone  g e o m e t ry .  An
i n v e s t i ga t ion  conducted  at Oklahoma State U n i v e r s i t y  ( 1 7 )  to

d e t e r m i n e  w h e t h e r  h yd r o c y c l o n e s may be s u c c e s s f ul l y u s e d  to

t r ea t  dred ged ma t e r i a l s  concluded  that c l a r i f i c a t i o n  and

c o n c e n t r a t i o n  p e rf o r m a n ce of h ydroc lones  was  below a v e r ag e  to

poor , bu t  that  the  app l ica t ion  of h ydroclon ic  d e v i c e s  to c l a s s i f y
m a t e r i a l s  fo r  t he  r e c o v e ry  of sand was a d i s t i n c t  p o s s ib i l i t y .

Fol lowing sep ara t ion  of the l a rg e r  g r a i n e d  p a r t i c l e s  wi l l  he  a

p rocess  to separate  water  f rom f ine  g ra ined  sol ids . These
p r o c e s s e s  inc lude  g r a v i t y  sett l ing , coagu la t i on , f i l t e r i ng ,  and

s c r e e n i n g ,  each of which  has been c o n s i d e r e d  p r e v i o u s l y.

A la rge  port ion of the water  in the dred ged ma te r i a l s l u r r y  can
be readi l y separa ted  f r o m  the sol ids by a p r o c e s s  such as

g r a v i t y  se tt l ing . The water  which r ema ins  is more  d i f f i c u l t  to

separa te  and req u i r e s  other p r oc e s s e s  for  i ts removal . Air

d r y ing has o f t en  been used for  thi s pu rpose .  D r y ing ac tual ly
o c c u r s  b y two mechan isms , f i l t ra t ion  and d ry i n g .  Most  of the

water  leaves  b y d ra inage  makin g the provis ion  of an u n d e r d r a i n
sys tem des i r ab le for  rap id dewater irig . Du r ing th is  f i l t r a ti o n

per iod  wh ich  wil l  last  onl y a few days , the solids c o n c e n tr a t i o n

may i n c r e a s e  f r o m  a few pe rcen t  to 13 to 22 percen t . D r y ing b y
evapora t ion  occurs  at f i r s t  at a constant  ra te  similar to the  r a t e
of evap ora t ion  f r o m  a f r ee  wate r  s u r f a c e .  A f t e r  a c r i t i c a l

m o i s t u r e  c o n c e n t r a t i o n  is reached , m o i s t u r e  loss  occur s  at a

d e c l i n i n g  r a t e  d u r i ng  which the f ina l  equ i l ib r ium sol ids  con ten t ,
- p er h ap s  25 to 50 pe rcen t , is approached exponent ia l l y. The

-

~ d r y i ng  and removal  cycle  may h ake place in 30 to 90 days . In
a d d i t i o n  to s o l i d s  and media  c h a r a c t e r i s t i c s, t e mp e r a t u r e , a i r
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movement, re la t ive  humidity,  and preci p itation will affect  the

len gth of t ime requi red  to attain a given solids content .

Several recent studies have investi gated methods fo r impr ovi ng

uti l ization of diked disposal areas for the containment of dred ged

mater ia ls. The eng ineer ing pro per ties of polluted dred ged

material  have been investi gated by Kr izek , et al ( 18)  to evaluate

their usefulness  as landfill materials.  They conc luded that , when

proper ly dewa t er ed , these materials are similar to f ine-grained

or ganic soils and can be compacted to fo rm a medium-densi ty

landfi l l  which  may be used for  parking lots , res ident ia l

co nstr uction, or r ec reat ional parks .  Drainage of the dredged

materials  was investigated under several conditions: gravi ty  onl y,

gravi ty plus vacuum with air p ressur e being applied directly to the

sur face  of the dred gings , and gravi ty  plus vacuum with a membrane

between the sur face  of the dred ging s and the atmosphere.  It was

concluded that vacuum drainage removed water  f rom dred ging s

much fas te r  than gravity drainage alone. A similar stud y using

elec t ro-osmosis  rather  than vacuum to dewater the dred ged

materials  showed that the rate of drainage could be significiantl y

increased by that technique.

In the same report , Krizek et al. also di sc u ssed wor k by Dames

and Moore which used mechanical equi pment to agitate dred ged

materials in a diked disposal area to accelerate the drying

process .  Conditioning of the material consisted of manipulating

it with a bulldozer to accelerate evaporation. It was fo und that 
—

the best resul ts  were  obtained when thin lift s were  conditioned by

agitation.

The stud y has been repeated under more severe environmental
conditions than during the ear l ier  tests  [ 19 ] .  A two acre site

at Monroe , Michigan , was covered with 18 inches of dredged
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c l ay - w a t e r  s l u r r y .  Condi t ioning  was  accomplished with two

t r a c k e d  v e h i c l e s  f o r  ~i4  h o ur s  on the f i r s t  day and 10 hour s  a day

t h e r e a f t e r  exc ep t d u r i n g  rain . Although some equi pment

l imi ta t ions  w e r e  found , the  a r eas  condi t ioned  w e r e  found to

dewa te r  much  more  rap idl y than a control  area . From an initial

solids content  of 29 percen t , a f te r  onl y 8 days one of the  a r eas  had

a solids content  of n O pe rcen t . In the other  area the in i t ia l  solids

content of 21  p e rcen t  i nc r ea sed  to 72 percen t  a f t e r  350 c o v e r a g e s

by the eq ui pment . The control  pond wate r  content  i n c r e a s e d  f r o m

an ini t ia l  19 pe rcen t  to 35 percent . Dur ing  the 30 day demons t ra t ion

per iod  about 3 inche s of ra in  fell indicat ing that unde r  d r y e r  weather

condit ions even bet ter  re su lts could have been obtained.  A stud y
b y Greeley and Hansen reported on by Kr izek  et al. [ 18] showed

similar  r e s u l t s .

A s tudy on the dewater ing  of dred ged mate r ia l s  by g rav i ty

d ra inage  has been conducted by the Philadelphia Distr ic t  of the

Co rps of Engineers .  The p r imary  pu rpose  of the stud y was to

p rov ide  more  cap aci ty  fo r  the s t o r a g e  of d red ged m a t e r i a l s  w i th in

a given area . A system of par al lel dra i nage was recommended.
Th e ditc hes would be spaced 200 to 300 fee t apart  and would

acce le ra t e  dewater ing of the solids by dra inage. It was es t imated

that a per iod  of 2 to 10 years  would be r e q u i r e d  for  the area to
reach  a condit ion w h e re  agr icu l tu ra l  equi pment  could be supp or t ed .

However , ca lculat ions suggested that ra tes  of consol idat ion could
be i nc r ea sed  b y about 20 to 100 t imes the ra te  due to surcharge

only.

T h e r e  a r e  several  o ther  methods  of op era t ion  of d iked d isposa l

a reas  which  could be used to i n c r e a s e  the r a t e  of d e w a t e r i n g :

- P r o v i d i n g  a d r a i n ag e  sys tem wi th in  the f i l l  has  been  s u g g e s t e d

f o r  dew a t e r in g  of power  p lant f l y  ash [ z o l . The o bj e c t i ve  in thi s
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case was t o maximize t h e amou nt o f the was te  mate r ia l whic h

co uld be s tored  in a gi ven area .

- Filt ra t io n of water  throu gh the bod y of the dike has been

accomplis he d or proposed at several Cor p s loca t ion s. As part of
t h e Gr eat Lak es pilo t p rogram the Buffalo Dis t r ic t  const ructed

fou r containment areas  with pervious dikes . Two in Cleveland
Harbor are s tone-f i l l  s t ruc tu res  protected b y a layer of ri p-rap on
the exterior  face and lined on the interior with a seven foot layer
of ung raded sto ne ran g i ng in s ize  f rom sand to larg e stones . The
two p ilot s t ruc tu res  in Buffalo  Harbor consist of slag-filled
s t ruc tures  which f i l ter  the water as it passes  throu g h the dike.
Op eration of these pilot ar ea s ha s been suff ic ien t l y successful  to
allow the Buffalo Dis t r ic t  to contract  for  the design and construct ion
of fu l l - s ize  s t ruc tu res  [21 ] .  As a guide to the construct ion of

pervious dikes , WES has published a document present ing desi gn
cr i ter ia fo r the se lection of material s f or th is use [ 22 ].

- The Charleston Distr ict  of the Corps has experimented with a

plastic polyfilter  cloth to fi l ter  dred ged materials  for  the purp ose
of enabling th e const r ucti on of di k es on wet g r ound . Althoug h the
f i l ter  material  failed s t ruc tural ly ,  this and ot h er sc r eenin g
m ethods may have merit  for dewatering of dred ged materials .

- The Chicago District of the Corp s has propsed a diked
retaining area for Milwaukee Harbor which would util ize four
ver t ica l  sandfill we i r s  to drain water f rom dred ged materials .
The design is based on standard sanitary engineering f i l ter
c r i te r ia  with the cells having three layers  of graded sand and
stone. It is anticipated that the fi l ter  material will have to be
r emoved and rep laced with clean material about onc e a year .

The uti l ization of vegetation to increase  the stability of
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d r  ed ged ma te r i a l  by t r a nsp i ra t ion  for both con f ined  and uncon-

f ined disposal areas  is being activel y s tudied  b y WES. A one

year in-house  stud y is bein g conducted to de te rmine  th e f e a s i b i l i t y

and funct ional  u se  of vege ta t ion  for  s l u r r y  f i l t e r i ng ,  pol lutant

removal , and d ry ing of dred ged material s

A problem encounte red  in the des ign  and operat ion of diked

disposal  areas is es t imat ing the amount of dred ged mater ia l

w hich can be accommodated b y a given site. A s t he sedi ment is

dewate red by a combination of loading , dra ina g e , and evapo-

t ranspirat ion the stored volume will dec rease  at a rate which

depends on weather , d r a inage  c ondit ions , condi t ioning of the

solids , and th e na ture  of t he solids [ 23 1 . E stimates ar e

necessary both to relate the volume of in-place sed iment to

hopp er dred ge bin vo lume , and also to re la te  those volumes to

diked a rea  sto rage  volume .

The first step is d red gin g of the botto m sediment and placement

with the dredge hoppers. Numerous measurem ents made by the

Detroit District of the Corps  of E n g i n e er s  have indicated the

volume convers ion  factor  may be approximately 0 .82  { ~ I

Division of the in-p lace vo lume by 0 . 82 equals the hopper bin

vo lume. The magnitude of this factor will depend on such

in fl uences as the natu r e of t h e sediment ( sand , silt , or cla y),

whether  over f lowing  of the hoppers during d red ging is  allowed ,

and the care  with  which the dred ge operato r p e r f o rm s the

d r ed g ing , pa r t icu la r ly  if overf lowing is not allowed.

T r a n s f e r  of the  hopper dred ge contents  to a diked disposal a rea

wi ll r eq u i r e  r esus p endi ng the solids for  pumping.  Wh en the

so lids settle out again they will occup y a volume which will

dec rease  as co nsol idat ion occurs  over a long t ime per iod . It has

been repor ted  [2 3 ]  that , based on bin volume and in-p lace diked

~_ 3 3
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a rea  vo lume , a convers ion  factor  between bin volume and disposal

site vo lume is 0. 62 . This is comparable to a factor commonly

used by the Corps for thi s purpose of 0. 65 . Bin volume multiplied

b y a factor  of approximately 0. 62 to 0. 65 will yield disposal site

volume.

During dry ing in the disposal site the densi ty will be time

dependent and will vary  in both the horizontal and vertical

direc tions . Kr izek  and Giger [ 23~ have found that the density

wi ll inc r ease at approximately a linear rate for  at least the f i r s t

ten years.  From an init ial  density of 50 l b / cu  ft soon af ter

placement , the de n sity wil l inc r ease at a rate  of 2 pounds per

cubic f oot per year.  Thi s will result  in an increase in storage

cap aci t y of four percent  per year .  Of course , thi s process  will

not co ntinue inde f ini t el y sinc e some final densi ty  will be approached.

A much more comprehensive discussion of diked disposal area

sizing will be included in a fu tu re  report  by The Corps of

Engineers , Waterways  Experiment Station under Work Item 2C0 8 .
The report  should be published late in 1975 .

Other methods in addition to air d rying  are  available for separation
of water f r om dred ged material solids. In general , these will be
considerably more expensive , but situations may occur which

just i f y their use.  Pretreatment or conditioning step s include

suc h processes  as thickening, flotation , digestion , and chemical

t reatm ent . Dewatering processes  include vacuum fi l t rat ion ,
ce ntr ifugat ion , and other mechanical devices.

The purpose of pretreatment  and/or  conditioning is eith er to

remove water , to reduce the volume , or to chang e the physical

character is t ics  of the solids to make them easier to dewater.

The following processes  may each be app lied to pretreatment of

dred g ed mater ial .
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a . G r a v i t y  Th icken ing  - T h i ck e n i n g  is  o f t e n  the  f i r s t  step in

r e m o v i n g  unwan ted  w a t e r  f r o m  slud g e s  to r e d u c e  t h e i r  v o l u m e.

In many  cases  t h i c k e n i ng  is accomp l i shed  in the  c l a r i f i e r  whe re

the in i t ia l  s epa ra t i on  p ro c e s s  o c c u r s , hu t  s epara t e  t h i c k e n e r s

a r e  also o f t en  used . Th ickene r s  closely r e s e m b l e  was t ewa te r

t r e a t m e n t  c l a r i f i e r s  in des i gn and appea rance , but  a re  gene ra l ly

deeper and hav e longer r e s i d e n c e  t imes .

b . Flotation - The f lota t ion pr o c e s s  uses  f ine  bubbles  which

become associa ted  wi th  the slud ge solids , i n c r e a s e  the i r  buoyancy ,

and cause  t hem to r i s e  to the  s u r f a c e  w h e r e  they  a re  r emoved .

A v a r i e t y  of t echn iques  can be used to in t roduc e the small air

bubb le s  used for  f lo ta t ion . Di sp e r sed  a i r  f lo ta t ion has been used

in i ndus t r i a l  p r oc e s s e s , p a r t i c u l a r l y  in minera l  separa t ion, hut

it is not no r mall y e f f ec t i ve  with lig ht flocculent solids . Dissolved

air f lo ta t ion  is often e f f ec t i ve  with f i n e-g r a i n e d  sol ids which may

be organ ic  in n a t u r e .

c • Di ges t ion  - Di gest ion of organic mater ia ls  to change its

dewa ter ing  cha rac t e r i s t i c s  has often been used to condition
w astewater  t rea tment  plant slud ges .  Two d i f fe ren t  methods of
di ges t ion  a re  avai lable  - anaerobic  and ae rob ic . Anaerobic

di gest ion is t he decomposi t ion of organic  matter  in the absence
of f r e e  oxygen.  Di ges t ion  o cc u r s  in a mixed c u l t u r e  of

mic roorganisms where  par t icular  species  a re  most active in
d i f f e r e n t  s tages .  In the di ges t ion  p r o c e s s  decomposi t ion is not

comp lete;  - the p r o d u c t s  of i n t e rmed ia t e  me tabo l i sm include

organ ic  acids , ammonia , methane, hydrogen  s u l f i d e , ca rbon

dio xide , and ca rbonates .

The treatment of dred ged mate r i a l s  b y anaerobic  di g estion has

been inves t igated b y the Un ive r s i t y  of Wisconsin  to provide
labo ra to r y da t a for  a stud y b y Nebo l s ine , Toth , McPhee
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A ssocia tes  [ 2 4 1  - Samples of dred g ed mater ial s f rom nine

Great  Lakes ha rb o r s , a tota l of 39 samples , w e r e  seeded wi th

di ges t er slud ge and tested in laboratory batch reactors .  It was

co ncluded that digest ion was poor for all samp les . Thi s can be

at t r ib uted to the f act th at t he sol ids fou nd in dre dged materials

have p r ev ious ly existed under anae r obic condi t ions fo r ext ended

per iods , perhaps years , in the harbor sediments. Under these

conditions, which are similar to those of anaerobic di g est ion ,

much decomposition will hav e alread y occu r red and th e volat i le

solids which remain will not be susceptible to fur ther  degradation

b y anaerobic microorganisms.  The biodegradable  organic matter
in dr edged material may al so be t r eated by ae r obic bio logical

treatment . Other tests conducted at the Univers i ty  of Wisconsin

on t he t r eatability of dred ged material  1 24] resulted in the

conc lu sion that ae r obic di gestion did not produce any be tte r

pollutant removal than plain sett ling and u se of the pr ocess  was

not just i f iable .

d. Chemical Conditioning - Chemicals are commonly used to

condition slud ge prior  to dewatering processes .  Th eir use may

be econoniically j us t i f i ed  because of the increased yields and

greater flexibility obtained . Chemical t reatment  usually involves

coagulation-flocculation of slud ge solids with h ydro ly sis p roducts

of multivalent metal ions and /or synthetic organic polymers.  If

polymers are used it may be necessary  to test a la rge  number of

polymers and inorganic salt /polymer combinations to find an

optimum conditioning combination .

e. Other Conditioning Processes  - Several other conditioning

processes  have been used to alter the charac ter i s t ics  of munici pal

and industr ial  sludges. Among these are  heat condition ing

(Porteous Process , Far ra r  System , Zimpro Processi , f r eeze

conditioning, and chemical convers ion (Pur i fax  Process) .  At
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t i n s  t in e it d o es  not - cp ear  t ha t  any  ol t h e se  p r oc e s s e s  can be

e f i i c i ~~nt l y and econonh ic i ti l y app l ied  to the  cond i t i o n i n g  of d r e d ged

mat e r i a l .

The objective of a d red ged ma te r i a l  i oec h a n ica l  d e w a t e r i ng  sys t em

would be one or m o r e  of the fol lowing : volume reduc t ion  b y

sep ara t ing  wa te r , a l t e r a t ion  of p r o p er t i e s  fo r  e a s i e r  h a n d l i n g ,

or p r e p a r a t i o n  fo r  f u r t h e r  t r e a t m e n t  such as i n c i n e r a t i o n. Vacuum

f i l t r a t ion  and C en t r i f u g a t i o n  w e r e  the mechanica l  d e w a t e r i ng

p r o c e s s e s  c o n s i d e r e d  app l icable  to d red ged  i t a t e r i a l .

a . Vacuum F i l t r a t i on  - Vacuum f i l t r a t i o n  is the n ;a st  commonl y

used mechanical  slud ge dewa te r ing  method in the United States .

R o t a r y  d rum vacuum f i l t e r s  with natural  or synthet ic  f abr ics  or

coil spring s fo r  f i l t r a t i o n  media a re  used . The d r u m  is susp ended

above and dips into a vat of solids.  As the d r u m  ro t a t e s  s lowly,

par t  of i ts c i r c u mfe r e n c e  is sub jec t  to an in ternal  v ac u u m  that

draw s solid s to the  f i l t e r  medium. Water  is  d r awn  th roug h the

po rous  f i l t e r  cak e for  that sector of the c i rcumference .  The p i p ing

a r r a n g e m e n t  wi th in  the f i l t e r  permit s the vacuum to be maintained

unt i l  the re lease  point  w h e r e  compressed  a i r  is blown th roug h the

medium to r e l ease  the cake to a scraper  for  d i scharge .  The f i l t e r

med ium may be washed  b e f o r e  suc t ion  beg ins again . The func t ion

of vacuum f i l t r a t i o n  is  to r educe  the w a t e r  content  of the so l ids

f r o m  an in i t i a l  solids content  of about  2 to 6 pe rcen t  to about

20 to 30 p e rc e n t . At that  hig her solids content  most sludges will

be a mois t , easi l y handled cake.

The W a t e r w a y s  Exper iment  Station of the U .S. A r m y  Corps  of

Eng inee r s  is conduct ing  a stud y as a por t ion  of i ts overa l l  p r o g r a m

on the disposal  of dred ged mater ial  I l l  to d e t e r m i n e  the

e f f e c t i v e n e s s  and economics  of vacuum f i l t r a t i o n  of d r e d ged

ma te r i a l .  The r e s u l t s , w h i c h  will he avai lable  in 197b , will ,
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to a large extent de termine  the abil i ty of mechanical dewater ing
devices  to c o n t r i b u t e  to solut ions for  the dred ged mater ia l

t r e a t m e n t  p rob lem .

b. C en t r i f uga t i on  - Although slud ge cen t r i fuga t ion  has been

p r acticed for decades , onl y in recent years  have c entr i fuges
come i nto common use . The reasons  for this increased  interest
are  si gnif icant l y improved machine desi gn and the availabil i ty of
pol ymers  for  slu dge conditioning .

A wide var ie ty  of cen t r i fuges  have been developed for  d i f ferent
app licat ions in the p rocess  indus t r i es .  These c e n tr i f u g e s  a r e

utilized according to their operating characteristics which best

fit the process  needs of washing, dewatering,  classi f ication ,
and clarification , or a combination of these fac tors . The general
types of r evolving conta ine r a re  termed basket , disc , an d solid

bowl . The solid bowl cen t r i f uge  is the most widely  used cen t r i f uge

for slud ge dewater ing and contains some of the best fea tures  of
other types of centr i fuges .  Some of its typ ical app lication s a re :

drilling mud classification, coal dewatering, ant ibiot ic

clarification, lime mud class i f ica t ion, dewatering of pulp and
paper mill wastes , and dewater ing sewage slud ge .

Following separation of most of the water  f r o m  the dred ged mater ia l
solids , it may be beneficial  to incinerate the dred ged material .
Benef i ts  would include des t ruc t ion  of organic pollutants such as
chlorinated hydr ocarbon , removal of the remaining water to
minimize  the requi red  storage volume , and alte r at io n of physical
characteristics to allow easier handling. These changes would
be part icularly important if ultimate disposal were  b y landfill ing
at an inland site such as a qua r ry  or for erosion control where
hauling would be a large portion of the cost of the total disposal

• system. A related p r ocess  whic h al so re q ui r es con side r at io n
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is  the p r od u c t i o n  of benef i c i a l  p r o d u c t s  b y k i ln  d r y i n g .

The most importan t  slud ge c h a r ac t e r i s t i c s a f f e c t i n g  the

i n c i n e r a t i o n  p r oc e s s  are  m o i s t u r e , vo la t i l es , i n e r t s , and

c a l o r i f i c  value . Of these , m o i s t u r e  is the  p r inc i pal f ac to r  w h i c h

can be cont ro l led  to some extent b y syst em des i gn and oF e r at i on .

M o i s t u r e  is g e n er a l l y  r e d uc e d  be fo re  i n c i n e r a t i o n  by m ec h a n i c a l

dewa te r ing  dev ices  to min imize  the the rma l  load imp osed on the
— i n c i n e r a t i o n  to evaporate w a t e r .  It may be poss ib le  that b y

dewate r ing  the solids se l f - sus t a in ing  combus t ion  can be a t ta ined .

The volati le p e rc e n t a g e , and t h e r e f o r e  the BTU value , can v a r y

widely,  so i n c i n e r at i o n  equi pment mus t  he -si gned to handle  a

broad range  of va lues .

Labora to ry  work for  the repor t  by Nebolsine, Toth , McPhee

A s s o c i a t e s  on t rea tment  p r oc e s s e s  for  dred ged m a t e r ia l s  [2 41
found that , although the samples selected fo r  evaluation contained

hi gh volatile solids contents , and thu s , p r e s u m a b ly hi g h h e a t i n g
- values , it was not possible to ignite  them even in an oven d r y

condition. The heating value t es t s  in the NTMA r e p o r t  w e r e

p e r f o r m e d  on the entire  dred ged mate r ia l  sample. Sinc e

inc inera t ion  is an expensive p r oc e s s  it is unlikely that all

dred ged mater ial  solid s would be put th roug h the inc inera t ion

pr o c e s s .  A more  likely system woul d involve separa t ion  of the

i n e r t  f r ac t ions  with the r e su l t i ng  i n c r e a s e  in heat ing  va lue  per

pound .

One of the most popular types of incinerators is the mult i p le

h e a r t h  f u r n a c e  because  it combines simplici ty and d u r a b i l i t y ,  and

• has the f l ex ib i l i ty  to burn  a wide v a r i e t y  of mater ia l  s wi th

f luc tua t ions  in the feed  ra te .  It cons i s t s  of a c i r c u l a r  steel shell

s u r r o u n d i n g  a n u m b er  of solid r e f r a c t o r y  h e a r t h s  and a c e n t r a l

slowly ro t a t i ng  shaft  to which  r a b b l e  a r m s  a r e  a tt a ched .  Each

hea r th  has openings to allow the solids to drop  to the  next lower
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h c a r t h . As the solids  p as s  t h r o ug h the i n c i n e r a t o r  at v a r i o u s
l e v e l s  the sol ids  a re  d r i e d , vola t i le gases  a re  dr iven off and
b u r n e d , ca rbon  com pounds  are  c om bu s t e d , and the res idua l
so lids are  cooled .

A more recen t  develo pment i s  the f l u i d i z e d  bed inc inera tor  in
wh ich  the slud ge p ar t i c l e s  a re  fed into a bed of f lu id ized sand
supported b y upward moving air. Sufficient air is  used to keep
the sand in suspen sio n , but  no t to c a r r y  it out of the reac tor .  The
sand s e r v e s  as a la rge  heat r~~se rvo i r  w here  rap id mixing of the
slud ge t h r o u g hout the bed p rov ides  e f f ic i ent contac t be tween slud ge
par t ic les  and oxygen , and allow s ra p id heat t r ans fe r . Intense
and vio lent mix ing  o f so li d s and gases  in th e bed w hic h be haves

as a f lu id  resu l t s  in u n i f o r m  t empe ra tu r e , compo siti on , and

par tic le s ize  d i s t r i b u t ion th rou ghout the bed .

A number  of p o s s i b le p r o d u c t s  mig ht be made f ro m d r ed g ed mat erial
inc lud ing  synthet ic  ag g r e g a t e , lime , br ic k s, and mineral or rock
wool. A stud y b y Roy Wes ton , Inc . on Bal t imore , Maryland ,
sedi m ents  h as conc luded  t hat based on t ec hni ca l f easi bility and
ma r k e t  potent ia l the onl y viable  product  for that harbor  was
synthetic a g g r eg a t e  [2 5 1  . Th e p rod uct would be prod u ced b y a
s in te r ing  p rocess  or in a ro ta ry  ki ln similar to a cement kiln.
A fac i l i ty  w h i c h  would consume 1. 1 x 10 6 cub ic  yar ds per year o f
dred ged ma te r i a l would cost about  $n O , 000 , 000 and would pr oduce
a r e t u rn  on inves tment  of 12 pe rcen t  f r o m  sale of the product .
Sinc e San Franc i sco  Bay d red ge d mater ia l  is produced at about
7 . 0 x 10 cubic ya rds  per year , even a p lant of th is  size would
not be a co mp l ete answer . It appears  that , given the very large
cap i t al exp ense , w hi le ocean du mp in g and land disposal
alt e r n a t i v e s  e x i s t , l a rge  scale product ive  use p ro jec t s  will

• p robably not be unde rt ake n .
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D. D i s c u s s i o n  and Summary

A major  c o n s i d e r a t i o n  in op t i m u m  u t i l iz a t i o n  of land d ispo sa l

a r e a s  is se lec t ion  of the  method fo r  d r y ing of the solids . The

most eas i ly  o p e r a t e d , and p robab l y the l eas t  exp ens ive  de~v at er i n g

p r oc e s s  would be se t t l ing  ponds . When d red ged m a t e r i a l s  a r e

allowed to set t le  fo r  a per iod  of several  days , a lmost  all solids

will  sett le out . The sup erna tan t  water  can be dra ined off and

d i s c h a r g e d  to the w a t e rw a y .  Techniques can then be emp loyed to

f u r t h e r  dewa te r  the solids b y air  d ry ing and d r a i n a g e  wi th  the

resu l t  be ing  a d r y  ma te r i a l  which can be excavated and ei ther

u s e d / o f f s i tc  as a landf i l l  ma t e r i a l  or o ther  p roduc t ive  use , or i t

may be s t o r e d  in the d i sposa l  s i t e .  In i ts  d r y e r  condi t ion , more

d r e d g e d  ma te r i a l  can be s tored  in a g iven site due both to separa t ion

of a l a rge  volume of water  and also to s to rage  in g r e a t e r  depth

above the or i ginal dike wall if the w a t e r  content  is suff ic ient ly

low and e ros ion  con t ro l  is p r ac t i c ed.  The method of u l t imate

disposal  would d e t e r m i n e  the op t imum d e g r e e  of dewa te r ing .

While the d ry  solids f r o m  the settling pond-mechanical ag i tat ion

d r ying system may have value as a landf i l l  ma t e r i a l, the most

l ike ly  r eusab le  r e s o u r c e  in dred ged ma te r i a l  is sand and gravel

if s u f f i c i e n t  quan t i t i e s  and marke t s  a r e  available . Hydrocyc lones

have been found to be ef fec t ive  in sep ara t ing sand and gravel  f r o m

dredged mate r ia l s. A system of hydrocyclories could op erated

di rec t ly on the dred ged mater ia l  as it e n t e r s  the r ehandling  a rea

via hydraul ic  p ipeline , or the ma te r i a l  could  be t empora r i ly  s to red

in a diked a rea  and l a t e r  pumped th roug h the h ydrocyc lone . The

f i r s t  case would req u i re  less  eq ui pment , but  would need a hi gher

J throughput capacity. Temporary  s to rage  w i t h  rehandl ing may

well p r e s en t  a be t t e r  operat ion s ince it would  not be d i r e c t ly t ied

to the d r e d g ing op e ra t ion .
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The cap ital  cost  for  a 10 , 000 gpm hydrocyclone system for

sep ara t ion  of sand and gravel b y rehandl ing  the mater ial  would

be about  $2 10 , 000 . If thi s w e r e  deprec ia ted  over 10 years , the

annual cos t  would be $21 , 000.  If the annual op erat ion and

maintenance cos ts  w e r e  50 pe rcen t  of the in stalled cost , or

$1 05 , 000 , then the total annual cost would be $ 126 , 000 . Assuming

that the dred ged mater ia l  contains 50 per cen t  solids , 25 percent

of those  solids a re  separable, and the total annual dred ging is

1 million cubic  ya rds  per year , then the volume of solids which

could be separated would be 125 , 000 cubic ya rds  per year , or

the cost would be $1 .01  per cubic ya rds .  The value of thi s

separa t ion  would depend on the market  value of the material  and

cost saving s associated with reduced  req uirement s for ult imate

dis posa l. If th is were  a permanent  disposa l ar ea rather than a

rehandli ng area , some cost saving could be de r ived f r om the

reduced rat e of filling the area thus delaying the need to locate
a new area .

Quiescent  settling of dredged materials for several days will
produc e a supernatant  water  with onl y a ve ry  small f ract ion of

the initial su spended solids co ntent . However , th e res id ual
suspe nded solids and dissolved materials may exceed limit s set

for discharge into the waterway adjacent to the land dispo sal site .
Examples of potential problems are  coli for m bac t er ia , suspended
solid , metals , and pho sphorus .  A metho d which would be
effect ive in removing these contaminants is preci pitation with
inorganic  salts and polymers in combination. The most economical

method for t rea tment  would requ i re  onl y a small tank for mixing
of chemical s, a sli ghtly larger  tank for flocculation , and a diked
settling pond. For a 5000 gpm flow the chemical mixing tank
woul d have a volume of about 1350 cubic feet , and the flocculation

• tank would he 6700 cubic feet . The settling pond would have a
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m in imum de ten t ion  t ime of about  12 h o u r s , or would r e q u i r e  an

a rea  of ab o u t  one a cr e  if t h e  dep th or e  10 fe o t . Eventual ly  the

pond would f i l l  up r e q u i r i n g  that it  be rep laced or d r e d ged to

r e s t o re  the  o r i g inal volume . If the coagulant  req u i rements w e r e

2 00 m g / I  a l u m  and ?- m g / I  pol ymer , the chemica l  cost  would be

$2 10 , 000 per  y e a r .  The cap ital cost  i tems would be only chemica l

s to rage  tank s , f l a sh  mixing  equi pment , and f loccu la t ion  equi pment

and would be small comp ared  to the chemical cost .

Some sediment s , pa r t  i c u l a r l y those  f rom heavily indus t r i al i zed
a reas , may he so c o n t a m i n a t e d  that  land d isposa l  may be con-

s ide red  i n ap p r op r i a t e  for  p er m a n e n t  s t o r a g e  due to g round  wa te r

c o n t a m i n a t i o n  or o the r  prob l ems .  A method of t r e a t i ng  th i s

mater ia ls is  inc inera t ion  which woul d d e s t r o y  organ ic  material
and t h u s  r e d u c e  the  c o n c e n t r a t i o n  of vo la t i l e  solids , oil and

g r e a s e , o r g a n o h a l o g e n s, and oxygen demand to e s sen t i a l ly  ze ro .

A d red ged material  i nc ine ra t i on  sys t em would pr o b a b l y  be desi gned
to serve regional  needs  sinc e the  cap ital cost s are  qui te  hi gh .
Operat ion should be planned fo r  con t inuous  pr o c e s s i n g  u t i l i z ing

rehandling a r eas  to smooth out f l u c t u a t i o n s  in dred g ing ra tes.

Since one of the most important f ac to r s  in inc inera tion  cos t s  is

the need fo r  aux i l i a ry  fuel , the wa te r  content  of the slud ge should

be cons i s t en t  w i t h  s e l f - s u s t a i n i ng  combust ion  if possib le .

In all l i ke l ihood  i n c i n e r a t o r s  a re  an e f f e c t i v e  and economical

method fo r  a l t e r i ng  the chemical  c h a r a c t e r i s t i c s  of d red ged

m a t e r i a l s. A s s u m i n g  that the  solids content of the dred ged

ma te r i a l  was 45 p e r c e n t  of which 20 p ercen t  w e r e  volatile , then

the cap ital cost  of a multi ple hea r th  fu rnace  incinera t ion system with
a ap a c i ty  of 1 , 000 , 000 tons  pe r  y e a r  would be about $17 , 000 , 000

including instal led equi pment , bui ld ings , and all other equipment

-‘ f o r  an op er a t i o n a l  f a c i l i t y.  The opera t ing  and main tenance  cost
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woul d be about $500 , 000 per year .  With a ten year wr i t eo f f  on

mechanical equi pment , the cost per ton of solids processed

would be $2 . 20 . Th e inci nera tor  ash would be 80 percent of the

or i ginal SOli ( 1S content , but it woul d be sterile and not contain any

organic  p ol lu tant s , so that open water  disposal may be an

accep t ab l e  means of ult imate disposal . If heavy metals which

remain  in the  ash w e r e  found to be a p rob lem, landfill of the

mater ia l  is a lso a possibi l i ty .  The total cost for  a system

including a r e h a n d l in g - d r y ing area ($1 .00  per cubic yard ,

incineration ($2 . 20 pe r cubic yard) ,  and ultimate disposal ($1 .00

per cubic ya rd )  would be about $4 . 20 per cubic yard . While thi s

represents a large increase over present di sposal costs, in cases

where hig hly polluted materials  are encountered , the incineration

sy stem sug gested may be the only viable means for disposal of

these materials.

It should be emphas ized  that incinerat ion cost estimates are  very

sensitive to the type of material . Further studies would have to

be conduc t ed to det ermine th e heating va lue of dred ged materials ,

the water content required for  economical incinerator operation,

and the be havio r of dr ed ged materials throug h the incineration

process.  Wit h these studies mor e exact est imat es of capital ,

operating , and maintenance costs can be derived.

E. Conclusions

1. Regulat ions L e t  by The Califo rnia Reg ional Wate r  Quality Control

Board on turbidi ty and settleable matte r f rom dred ged material

conta inment areas  can general ly be met by providing adequate

residence time in holding ponds. The possible release of heavy

metals in the dj ked area effluent depends on many factors  which

make eff luent  quality predictions difficult , but it appears that a

well designed settling area will produce an effluent meeting

realistic wa te r  quality requirements.  However , in cases w he r e
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sp e c i f i c  e f f l uen t  r e q u i r e m ents a re  not bein g met , then a uagu la t ion

t r e a t m e n t  s y s t e m  could be readil y and i ncx p cn s i \ c l v  ins ta l led  to

u p g r a d e  the e f f luen t  to meet  the r e q u i r e m e n t s .  A b r i e f  stu d y of the

M a r e  Island land d ispo sa l  site f o r  d r e d ged m a ter i a l  indicated that

metals  w e r e  not  being leached f rom the d i spo sa l  a r e a .

Z. A numbe r of techni ques exis t  to fac i l i t a te  the dewate  ring pro-

cess  in areas .  Dry ing of d red ged mate r ia l in containment a r eas
can be substantially hastened by ag itation or by provis ion s to
i n c r e a s e  dra inage .  Mechanical  dewate  ring of d r e d ged mate r ia l  is

technically feas ib le , but proba bly not economica l for  San Francisco
Ba y sediments.

3. Productive utilization of dred ged ma te r i a l , such as manufa c-
tur in g of br ick  or lig htwei ght aggrega te  appears  to be too expensive
while othe r sto rage a n d/ o r  disposal means a re  avai lable .  However ,

in cases where considerable amounts of sand and gra~ c1 are to be

dred ged , mechanical equi pment is availa ble which can readily sep-

a ra te  these materials, but the cos t - e f f ec t iveness  has yet to be

evaluated.

F. Recommendations
T reatment of d red ged mater ia l containment a rea  retu rn flow s
should be by g rav i ty  settling in holding ponds. If settling alone is

found to be inadequate , a chemical coagulation t rea tment  sys tem

should be installed. Consideration should be g iven to hastening
the d r y ing p rocess  in diked a r e a s  b y provid ing  means for  d r a i n a g e

of w a t e r  f r o m  the solids. In this w a y ,  more  d red ged ma te r i a l  can

be stored in a given volume and sediment  stability can be i nc rea sed .
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A P P E N D I X  A

N l i s  e l l a i i e o u s  Su p p o r t i n g  Data

l h i s Appendix ~,resen t s r ep r e s e n t a t i v e  data in suppo r t  of Section III
of thi s r e p o r t . Tables A - I , A-~ and A - 3  p r e s e n t  the r e s u l t s  of
the  wa te r  content  and d r y  d e n s i t y  t e s t s  p er l o r m e d  on v a r i o u s
samples f r o m  the d red ges and on the  d i v e r  samp les .  The wa te r
content s of the 50 cc s y r i n ge  san p ies ( T a b l e  A - I )  r a n g e d  f r o m  9~
to 210 per cen t . D e n s i t i e s  w e r e  c a l c u l a t e d  u s i n g  a sample v o l u m e  —

of 50 cc , as sum ing a ful l  s y r i n g e  fo r  each  sample . No sample
vo lumes  w e r e  a v a i l a b l e  fo r  the  “B U ”  c o r e  samp les (Tab le  A - ? - ) .
The wa te r  con ten t s  l i s t ed  in Tab le  A - ? -  were ca lcu la t ed  in a c c o r d a n c e
wi th  ASTM D Z Z l o - 7 l , and d r y  d e n s i t i e s  v~c r e  i n f e r r e d  f r o m  r e l a t ed
data (see  Fi g u r e  3 - 5 1) .

Table A-4  pre sen t s data on COD and IOD m e a s u r e m e n ts made
in sit u , in the  BOSTON c l an shell  and  b a r g e s  f i l l e d  b y t h e  BOSTON ,
and in th e  HARDING hopper  d r e d ge .

Table A-~ presents data on d i s s o l v e d  oxygen m ea s u r e m e n t s  a r o u n d
the  c lamshe l l  d red ge , in the  b a r g e , and in the  hopper d r e d ge .

Table A - o  p r e s e n t s  data on the MTS static and v ibra t ing  c ylinder
t e s t s .

A - I
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Table  A - l

Physical  P rop e r t i e s  of 50cc Syr inge  Samples

Water  Content Dry
Sample Dep th T ype of (% Weig ht Density

No. ( f t ) Dred ge Sam2~~ of Solids) (p cf)

117 32 HARDING 50 cc Syr inge 161 . 4 28 .6
118 26 160. 3 34 .0
119 32 146 .4 32 .5
120 26 144. 3 38 . 6
126 32 106. 6 --
127 26 137.8  33 .4
133 20 177. 1 3 0 . 0
135 32 111 . 7 35 . 3
136 26 139.7 39. 1
137 20 144.7 39. 3
l3~ 14 210. 4 30 . 0
146 20 175 .6  34 .8
147 14 HARDING 197.9 32 .4
157 6 BOSTON 125.7  44 .7
158 3 109. 4 48. 4
159 9 113 . 3 48 .4
171 15 105. 4 --
172 12 104 . 1 47 . 6
17 3 9 122 .9  45 .8
17 4 6 98. 2 --
175 3 BOSTON 50 cc Syri ng e 133 .6 37 .0

*All densi t ies  were  calculated based on the assumption that
t he volume of the sample s was 50cc , i. e. the syringe was full
befo r e sample was  p ut into plastic containers .
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Table A-2

Ph ysical  P rop er t i e s  of “ B U ”  C o r e  Samp les

W ater  C ontent In f e r r e d
Sample T ype of (% Weig ht Densi ty~’-

No.  Dredge  Sample of Solids) (pc f )

01 BOSTON BU CORE 141 .9  34
0?- 105 . 2 44
03 116 . 1 41
045 194 .4 22
046 132 . 8 36
047 171 . 1 27
048 154 . 2 31
049 167 . 7 28
050 120 . 2 40
051 153 . 5 31
054 120. - 4 0
055 111 . 5 42
056 103 . 5 45
057 177 .0  26
058 99. 2 46
154 90. 5 49
155 57 . 5 65
156 BOSTON BU CORE 113 .0 42

~ Dry densities w e r e  taken off plot of dry  densities vs.
water conte nt using average curve for  bar re l  samples ( See
Figure 3-51) .
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Table  A - 3

Ph ysica l  P r o p e r t i e s  of Diver Samples

Water  Content  Dry
T ype of (% wei g ht of Dens i ty

Sample No. Sample Solids )  ( p c f )

180 DIVER 251 .4 21 . 7
185 Top 161 . 4 32 . 5
185 Bottom 117 .9  39. 7
19 0 157. 2 30 . 8
192 135 . 5 36 . 7
194 144 , 7 35 . 6
196 2 12 . 5 24 .9
203 141 . 1 35 . 5
204 Top 147 .7 35 . 1
204 Bottom 148 .7 34 . 6
2 06 156 .6 31 . 8
209 142 . 1 32 . 7
211 146 . 5 34 . 3
213 182 . 2 27 . 5
228 Top 172 .8  30 . 3
228 Bottom 123 . 6 36 . 5
2 29 DIVER 153 . 3 32 . 5

~Sample volumes were  determined b y marking plastic
container s ( top of sample), and measuring volume of water used to
replace sample.
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Table A-4

COD and IOD Data

Date! Sample COD IOD
Time Number mg /k g mg /kg Remarks

3/ 11 645 Clamshell bucket  ( run  4 hour s
after sampling)

1010 889 Pocket #5 , 10’ deep
1010 616 Pocket #5 , 5’ deep
1010 1195 Pocket #5 , 1. 5’ deep
1100 009 52,600 Clamshell bucket
1125 017 50 , 600 Partiall y f illed #4 pocket
1300 024 50 , 400 Partially filled #3 p rock et
1600 1000 Pocket # 1, 10’ deep
1625 1018 Pocket #4 , 2 ’ deep
1640 862 Pocket #4, 10’ deep
1700 1000 Pocket #6 , 10’ deep
3/ 12
0930 062 45 , 200 Totally disturbed surface

Pocket #5

0935 064 51 , 500 Clump , pocket #5
- 

1210 067 40 , 800 Clamshell bucket

1225 891 Clamshell bucket
1232 785 Clamshell bucket
1235 1205 Clamshell bucket
3/ 13
0940 1000 Max density flow, hopper #3
0940 842 Dup e
0943 171 45 , 000 Maxdensity f low , hoppe r #3
094 3 072 49, 100 Mm densi ty flow , hopper  #3
1055 349 Medium density f low , #3
1055 677 Dup e
1325 085 49, 900 Pail sample , 29’ deep, #3
1530 1,000
3/ 15
0740 122 72 , 200 High density f low , #3
0820 131 51 , 300 Hopper #3 , 7. 5’depth
0830 693 Hopper #3, 7.5’ depth
0830 827 Hopper #3 , 7. 5’ depth (liquid)
0945 148 51 , 200 Hopper #3 , 10. 5’ depth

148 550 Hopper #3 , 10 . 5’ dep th (soupy)
0954 144 834 Hopper #3 , 32’ deep
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Ta ’ - ’e A-4 (Con t inued )

Date! Sample COD IOD
Time N u m b e r  mg /k g mg /k g Remarks

3 117
TT~~~~~ 165 50 , 100 Clamshel l  bucket
1150 167 52 , 800 Clamshell  bucket
1200 169 49, 400 #2 pocket , s u r f a c e  material
1200 170 39 , 500 #1 pocket , mud-water  in te r face

3/ 18
1000 177 48 , 800 In s i tu , Mare  Island . Nor th

of dred ged area (soupy)
177 1220 In~~j f l~, Mare Island , North

of dred ged area  (soupy)
177 1890 In s i tu , Mare Island , Nor th

of dred ged area (soupy)
1000 178 49, 500 3’ to side of #177

187 51 , 900 In si tu , Mare  Island ,
dred ged area

19 1 52 , 300 In sit u , Mare Island
(1 . 5’ below bottom in ter face)

193 49, 100 in situ , Mare Island
1’ below in te r face

195 52 , 000 In sediment at mud /water
in ter fac e

3/ 19
1346 205 55 , 300 605 , In situ , Alameda NAS,

728 Loc . # 1
208 54 , 500 800 1. 5’ below bottom in te r face
2 10 57 , 000 1’ below bottom in ter face
212 53 , 200 bottom interface
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Table A-S

Dissolved Oxygen

Date Location Sample # Depth (PPM) Remark s

3/ 11 Alameda 1 033 3’ 10 . 4 Back ground  in si tu
wa te r

Alameda 1 032 20’ 10 .0  Back ground  in si tu
wate r

Alameda 1 031 35’ 7 .0  Back ground  in s i tu
water

Alameda 1 3’ 10. 0 Ed ge of plume
Alameda 1 20 ’ 10 . 1 Ed ge of p lume
Alameda 1 35’ 9. 2 Ed ge of plume
Alameda 1 3’ 10. 3 In plume , 25’ downs t ream
Alameda 1 20’ 10. 0 In plume , 25 ’ downs t r eam
Alameda 1 35’ 10. 0 In plume , 25 ’ downs t ream
Alameda 1 3’ 10 .0  In plume , 50’ downs t r eam
Alameda 1 20’ 9. 4 In plume , 50 ’ downs t ream
Alameda 1 35’ 10. 2 In plume , 50’ downs t ream

3/ i l  Alameda I Surface  0 . 8 B a r g e  pocket water

3/ 12  Alameda 2 3’ 6 . 6 Barge  overf low (water
column)

Alameda 2 3’ 8 . 0  In~~jLu background

3/ 17 Alameda 3 3” 0 . 6 Barge pocket water
Surface 1. 1 Barge pocket  water

3 / 15  Mare Island Surface  1.6 Hopper #3
Mare Island 3” 1.3 Hopper #3
Mare Island 6 ”  1. 3 Hopper #3

A - 7
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Table  A-6

Raw Laboratory Data for MTS Program

‘ - c  - “~~- - ~~~~~ ‘ IC ’  I

I S ”  1 , 2 3 4 14 48 -11 4 - ’ 40

s - I — , ,  - 2 ’ l  71 . - ’ 4, 65 4 1 7 . 1  4 !- 4

—C ‘“ . 0 3  ~9/ .25 5- - ii -~~

5~~j - I .  7,— , ? ?  78 . 13  52 . 4 53 15
5 - 1 - I  75 61 7~ . 7?  .1 - ~33 4 -  73
S - I - i  71 . 00 79 .48  S0.$ ’ 51 1 4 ’

71 .1 7  78 . 73 -is iS. 3 - - i F  4 3

5-2-B ,1 .43 4 ’ . 52 17 55 45
5 -2 - C  7 3 . 0 1  74 . 49 40 - 64 47 • 04 4 4  4-

5- 2 -0  74 57 73 . 11  47 30 41 .98 7 44

S- - -r  74 . 6 1  74 . 4 3  47 ~ 7 o p  45 45

5-2-F 74 .So 7-1 .3 5  40 ,5 7 -1 7 .78 45 4 5
57 .1, 5~’.2 5 2 9 3 4 29.72 40

5-3-8 57_ l i S7 .1~ 
- - .26 29.08 40 8’

5-3—C 57. 1 58.37 34 22 74.09 40 4 7

5-3-0 57 .27 59.35 
- 

25 .89 30.’-’ 40 1

5-3- 1 7~~01 58 . 79 29.33 30 .22 40 4’

S-3- F 50 .00 57 .61 ‘-~‘ “1 ~- ‘9 -11

5-4-A t S  61 6 3 . 5 5  3 3 , 3 3 2 .51 46 43

‘ - 4 - 5  60 .54 ~1, 70 33 41- 33.12 40 4.1

‘ - 4 - 1  70 .4 5 57 ~‘ 3’ 93 14 47 37 40

5- 4-0 64 . 19 0171 32.25 30.88 44
5- 4—B 70.41 55. 67 29 16 77 .0 4 38 38

S- - I-F 53 82 55.~~ 29 70 27 .73 40 77

:1- 71 4’ . 59. 14 .1 9 9.88 41 75
S - b - B  4 ,6 ?  47 .07 10. 19 10. 31 39 40
5-5-C 47. 60 46.99 9.91 11.07 39 40

7 - 5- 0  44.13 44 . -li 7 . 8.1 8.00 39 39

S—S-B * 5? 45 . 74 9 . ‘-4 10.52 40 27

S-S-F 5” .09 26.61 28.03 39 39

3.’43 46. 63 10 .31 9.55 41 . -~~

S- B - B 4’ ,10 ~~. 71 9 97 17.27 41. ’ 4 1 -
S-S -C 4-- ’ 26 .1 .59 10 . 20 10.18 4 1 . 42
5- 6- 7- 45.03 47 .70 8, 4 8.00 41  4 ? ’ .
S-S-B *15 40 ,74 9.95 10. 11 41’, 41

S-6-F ‘-‘- .57 57 .35 29.58 26.25 41 11

5-7-8 44 ,91 50.72 4 .10 1 4.77 41 42

S-7-’ 4.5.70 4 9 . 5 7  14 . 10 14 .14 40 41

5-7 -C. 3 ’  23 51.71 14.~ 7 :3.82 41 43

5-7-0 50.04 48.41 13. 90 12 . 7” 42 41

S-i-B 49.71 47 , 4,- 13 .15 12.63 42 40

S-i-F 52.68 53 16. 50 10 .? 4 3
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Table A- 6 (cont.

5-14-A 45.47 41- 01 - 5 .52  5 .93 41
[- 14- B 46.99 47 .70 5. 50 5. 23 4~’ 43

5-14-C 4 7 . 0 3  4 5 . s 7  5 . 7 7  5 . 1-1 - 1.1 7

47 .74 4 .25 8.55 8. 4 1 -~~ 44

5 — 1 4 - C  51.08 47 .9 9  u . 3 4  9.81 4’ 4

[- 14-F  49 53 50.23 10 .99 1 . 31- 4 1  4-

C - i S - A  46 .08 46. 10 9. 45 9. 77 41

C- IS — B 45 .2 4  4 5 .4 2  -3 40 9 . 1 2  40 41

C—i5 -C 44 98 46.03 92? 93°~ 41

C-15 -0 46.47 46.05 9.06 9.10 41 41

C-1 5-E 48.29 47.01 9.34 9.22 4 ? 42

C-IS-F 47.73 47.44 10.36 9.8S -II -1 !’

5—16—A 46.39 45.71 9.60 4 , 3 7 41  .1:

C—IS—B 45.45 45.29 9.57 ‘3 4 1- 4 -  4 1

5-16-C 45.18 46.20 9.23 9.5 5 4~ 4 1

C-It-B 48-41 47.44 10.10 9 .10 4~ 43

C-1 6-B 48.60 46.1? 10.25 9.43 43’,

C-i S-F 50.24 48.63 11.38 10.39 4 3 - , 3 .

C-i S-A 56.31 57.12 21 .13 21 .53 42 6!

C-18-B 54.66 55.41 20.00 20.58 4? . 4 ?

5-18-C 57.62 55.96 21.34 21.25 42 43

C-18-D 55 75 54.05 20.13 19.80 44 4;

C-18-B 58.41 58.25 21.76 22 .69 45 4 0

C-18-F 54.03 58.24 20.40 22.57 42 45

-t

A -9
a

$

it

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Tr~~~~~~~~~
- -~

- r---

~~~~~~~~~~ J



Table  A-6  (con t .

S - B - A  1 !o - . -~4 5 . 2 5  15 .33 45 4’

5-8- 8 .  55 73 55~~1 7 1’ . 3’, 15.50 45 4 ’

5- 4-C ~~~ ‘3 S S ’ - E l5 .,’7 1 3 . 7 0  3 .  4 ’ -

55 57 07. 14 15 !4 , ’7 4’ 45

- .1 3 1  17 . 4 1  14 . ’l’ 4° 1’

7-4-F 70 74 7 5 , 3 7  17 .3 8 Ii ‘ 7  45 45

S-1 7-7 ,4.41- .16 30 .2 2 31. 18 4 5 -15

S-l i -B 66 . 5 1  - - - 31 75 3fl 69 46 41

543 6 1 1 - ’ , ’ - ‘~.49 31.3 5 46 4’

5-1 7- 0 ‘7 .32 :.~ 86 3 3 . 1 2  33. 50 41 4 7

5 - 1 7 - C  “ 7 .55  ‘ ‘ . !“ 3 1 5 7 ‘:. ‘7 46 1’

S- 7- ° - 5 . 4 ‘ 7 0 1  3 2 . 3 3  3 1 , 59  15 46

33.41 3171 1’

-3-i- --170 ‘ o S? -- . .4 71 . -~7 1-

35 . 4!  35 . 1-” 4’ :4 ,

7- ” -! - 1 - 15 — 3 2  3173 3177 41 01 ,
— 

!- - -5  6:. -’ 6 : 7  38 . 74 33.32 4’ 1:

‘1 7 7  74 9.5 34 .75 4’ 4!-

C - i ! - - ’  “S ’S 5177 78 . 40 35.93 45 4 1

9 . 167 ~~- . ‘  71- 45 35~~ 4 31 1’

‘“ .5 .1  s- ” . ”-’ 7 7 . 1 1  ~0 . 5 4  4 1 -1’

7-7 . 7-1 €0 . 12 3 7 .42 3’.’ 1 47  4’

31- IS 71- 33 II- 1

11 47 37 3! Ii 1,

1- 5175 1 . ’” 71 . 19 82 38

:-::-o 017-2 ‘~~.18 25 55 2 11 7 4° 41

C- Il - ? 5j.!1 517? 2 5 3 7 25 37 :1 1’

C - S I - ?  7 5 . 2 3  33.8.2 2 1.93 15 75 43  30

C - l i — C  53, 47 1177 1~~. 1? 15. ’l 1 3 3

37 .70 11.3 ~ 1 1 .5 !- 1

C- IC - I 53.~~ ‘1 .07 20.80 20. 70 : 1;

52.70 52.83 20. 13 20.52 15’

C -IC - I ‘4 02 5 3 . 1’ 20.97 2-7 .7”  Ii 1!

[-12-0 52.25 SI. 4 19.84 19 80 1S , 4

C-12- [ 52 .77 51.52 20.20 13 . - ? 11

C-i2- ° 53 .55 51.55 198 7 17. 17 1!

3 - 1 3 - 1  11- IC 41 .11 304 7.91

0 1 . 2 1  .1~~.22 939 8.7 1°

c~ 3 3 _ c  41 .7~ 80 79 15 .21 8.5- 1 39 42

- [-1 3-77 4 ’ . SF. 33 .60 7 99 174 31 49

- 7 - 1 3 - ’ ‘‘.08 47 .83 17.23 7. 88 3 7 85

1- 13-F  3177 Sf 77 25.89 23.94 4” 47
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SlI~-d I. \.1n~C Data

Rod Fr ic t ion

The values  shown on Fi g u r e  B - i  r e p r e s e n t  the r e su l t s  obta ined when
the dr i l l ing  rods  w e re  r o t at ed  wi th  a t or q u e  w r e nc h  who le  the shear
vane was  not a t t a ched . As t i n l s3  w a s  s eve re ly  limi ted  in the f i e ld ,
only t h r ee  suc h t e s t s cool , !  be p e r f o r m e d .  A ro ta t ion  throug h 600

was  ach ieved  in ~.iil t e s t s  at the ra te  of 15 d e g r e e s  per minute .  The
shear  s t r e s s  was  ca l cu l a t ed  as if the  shear  vane score  a t tached and
the r e su l t s v~e re  p lo t ted .  A n u m e r i c a l  ave rage  of the t h r e e
measu red  shear  s t r e n g t h s  was  then taken at J5 0 ro ta t ion  i n t e r v a l s ,
and the r e su lt i ng  dashed c u rv e  was  taken to r e p r e s e nt  the rod
f r i c t i o n  va lues  for  the ave rage  dep th of eig ht fee t . The points on
thi s c u r v e  could then he n o rm a l i z e d  to the solid c u r v e  fo r  one - foo t
rod sect ion s b y dividing t I r e  shear  s t r eng th  v a l u e s  by eig ht . Since
the r e su l t s  w e r e  f a i r l y  cons tan t  af t e r  100 of ro ta t ion , a va lue  of
1. 25 p sf  of rod f r i c t i o n  per  foot  of rod was adop ted fo r  all app l i cab le
ca lcula t ions .

The c o r r e c t i n g  fac to r  of 1. 25 p sf  per  foot  of rod was then app lied
for  all t e s t s  on the  b a s i s  of the length ol rod p e n e t r a t i o n  into
mater ials  more  consistent  than wa te r , i . e . ,  the dep th to r e s i s t a n c e
averaged for each day, computed from the penetration test data. On
the I-LARDING these  dep ths ranged f r o m  22 to 24 f e e t .  The r e su l t s
of any t es t s  deeper than that w e r e  accord ing ly  c o r r ec t e d .  On the
BOSTON the rod f r i c t i o n  c o r r ec t i o n s  w e r e  app lied to the r e s p ec t i v e
test  dep ths , sinc e t h e r e  the actual  rod p e n e t r a t i o n  into cohes ive
mater ia l  was known.

Shear Vane Cal ibra t ion

The shear  s t r eng th  det e rmined  us ing  shear vanes  was  calculated in
accordance with AST M D 257 3-72  “ Standard Method fo r  Field Vane
Shear Test  in Cohes ive  Soil. ” The shear  st r e n g t h  equals  the t o rque
divided b y a cons tant , K. K is de t e rmined  b y the fo r mula given in
the ASTM s tandards  and is  onl y dependent  upon the  d imens ions  of
the shear vane . If the t o rque  is r e c or d e d  in in- ibs , the vane

• d imensions would be m e a su r e d  in inches .  K would be in cubic  inches ,
and the shear  st rength  would be ca lcula ted  in pounds per  square  inch.

-
. Data

F i g u r e s  B-2  t h rough B — l B  show shear s t r ess  measu rement s made
on the HARDIN G and in b a r g e s  f i l led b y the BOSTON .
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APP EN I ) IX C

Measur~~i i i c n t  of V i b r a t i o n s  in Dred ged Mate r ia l

• Most  shi pboard  v i b r a t i o n  i n c a s t i r e i n _ i n i  s a r e  made on bu lkheads ,
decks , or et h e r  ri g id s u r f a c e s . In add i t ion  to these  convent ional
measurena’nt -i , it was  d e s i r e d  to make  m e a s u r e m e n t s  d i r e c t l y in
the  d red ged m a ter ia l  and thi s r e q u i r e d  a special t r a n s d u c e r .

To m e a s ur e  the h a r nlo r n c  mot ion  of the wa te r  and sediment a p r o b e
conta in ing ha rmonic  ve loc i ty  pickup s and a c c e l e r o m e t e r s  was
in t roduced  into the  f lu id .  The p r o b e  was suppor ted  b y a 1 inch IPS
pipi clamped to the upper structure of the dred ge at about  the mid-
length ol the f o r w a r d  sect ion of hopper 3 and at about the th i rd  point
on the width  on the  s t a r b o a r d  side . The ha rmonic  ve loc i t ies  and
acce le ra t ions  on the s t a r b o a r d  hopper side ad j acent  to the probe
w e r e  also measured .

An ideal probe  wo uld have the same dens i ty  as the flui d being
m e a s u r e d . However because  of r e q u i r e m e n ts for  wate r  ti gh t n e s s ,
t h r e a d s  to c a r r y  the  t r a n s d u c e r s, and a short  t ime f r a m e  for  desi gn ,
the pr o b e  bu i lt  was cons iderab ly heavier  than the water that it
disp laced . The following development ana lyzes  the inf luence 01
thi s ex ce s s  wei g ht and the in f luence  of the probe  support  on the
m e a s u r e m e n ts of the dred ged mater ia l  harmonic motion .

Cons ide r  a probe supported  in a tank of f luid of c le n s i t yp f  moving in
simple harmonic motion , with an amp li tude A0, as  sh o w  n i n  F ic~u r e
C- i.

//////

A = A  cos .t  
w

k

y ~~ x

Fi g u r e  C - I .  P robe  Model

C - I
a

-.
~~~

-_ ... -
~~~~

- - - --
~~ 
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~~ 
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~~~~~— ——~~~~~ 
- — —- -  -—----- - —--- --  - i -— --_ -—-- -- --‘----- ~~— —-  - _ -  — — -  - -  — _ _ _ _ _



r

L e t :

V p r o b e  v o l u m e

~) ~~ = p r o b e  a v e r a g e  vo lume

W -: p r o b e  a v e r a g e  den s i ty

k p r o b e  suppor t  s t i f f n e s s

x = p r o b e  mot ion

Since the f lu id  is osc i l l a t i ng  in s imp le ha rmon ic  motion , (A A0 cos ‘ ‘ t i

i t  ‘\j ll  have an a c c e l e r a t i o n  equal to -A 0 
,,, 2 cos , t , and a c o r r e s p o n d i n g

p re s s u r e  g r a d i e n t , equal to ‘~P = 1 i f  ~o c c L - L I  . Under  this p r e s s u r e
cc 1g r a di e n t  the  p r o b e  will  e xp e r i e n c e  a b u oy a n c y  f o r c e  = ( V p1 ~a e

In a d d i t i o n  t h e r e  w i l l  be i mp u l s i v e  f o r c e s , d r a g  f o r c e s , etc . w h o s e
m a g n i t u d e  a re  d e t e r m i ne d  b y the  r e l a t i v e  motion b e tween  the  p r o b e
and the f l u i d .  These fore -s may be r ep r e s e n t e d  as F ( x - A ) .

The f o r c e s  ac t ing  on the p robe  a r e :

A buoyancy f o r c e , + V p f l

A suppor t  f o r c e , -kx

A s u r f a c e  fo r ce , -F(x - A)

The eq uation  of mot ion  of the  pr o b e  becomes:

V~~ ~~ - - kx - F(x - A) —~~~
--- xg g

In i n t e g r a t i n g  this  equat ion f i r s t  cons ider  the case where
F ( x — A )  is n e g lec ted .  Then:

w — 
-

— w x -- 1-o x \ (~f (~) A cos (A ) tg 
~~~~~~

—

and ,

C - 2

—‘- 

~~~~ - - 
~~~TT~~~~~~~ 
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V
A cos ,otw 0

x= ____________

- 
kg

I\ W~.) 2

It can be shown later that for most probe locations = ~~n
2 is very

small compared to By setting W~ Vpm~ 
then x= A. For the

case where the weight of the probe is 25 pounds , the prob e volume is

236 cu in , then t1~ prthe ~~nsity is 0. 1059 lb/cu tn , t1~ deri sLty ratw is

______ = 2 . 934, an’i , since drag forces were neglected, the probe

would Indicate. vibrations 0. 341 time s those of th~ surroundin g water .

Returning to the differential  equation of motion, the addition of the
F(x -A) term will act to bring the measured probe vibration between
0. 341 and 1 times the vibration in the fluid.

There appears to be very little information available that relates
the resistance of a solid bod y to the harmonic motion between it
and the surrounding water . Sarpkaya and Garrison [C.-! in a paper
entitled ‘Vortex Formation and Resistance in Unstead y Flow ’
consider the response of a long circular cylinder to harmonic flow ,
generally of an amplitude larger than the cylinder diameter. From
theoretical considerations of vortex formation, they show that the
forces  on the cylinder are the sum of a force related to the square
of the f l u i d  velocity p lus a f o r c e  related to the acceleration of the
fluid . They then show that for small harmonic motions the inertia
forces  dominate and correspond to the forces  generated by
accelerating the entrained mass. The entrained mass is not easily
determined . Patton[C.Zlgives experimentally determined values
for Mh for rectangular parallelopipeds. Using his constant:

Mh = (2. 32)(0. 036)(5.  625)~ = 14 .86 lb

~~th this addition the differential equation of motion becomes:

Vp~~~~ -k x  -~~~~~~~~~~ ( x  - A )
t g  g g

(~~i + M b )  ~ . . i~ x ( w +
M

h)

X [ k
w

~~~~~~ ~~z ]  = (V
P f +~~~~~

) 
(O 2 A

I and ,
C-3

— —‘--
~~~~~

---



V~ + Mx =  f  h A
% r + ly ~

The probe was carr ied b y a 1 inch IPS pipe clamped to the ship
structure at two locations, as shown in Figure D-2 .

22” Surface

1 70”

• 0~~~~~

a Pipe

Probe D

Figure C-2.  Pipe support points

The support stiffness at the probe was:

2a(a +j’)

The natural frequencies are

in air f~ ~~~~ 
~~~~~~~~~~~~~~

=~~[0. 39l lk
• 1

, 
_______________________

in water f ~ 
386)( k ) 

= ~J0 .245~~n 
~~~(4~t ) (3 9.9 )

C-4
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~ 
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The probe dynamics are:

f IDepth n n
Below k in air , in water , X @ 20 ~~~Surface a e + a  lb /in cps cps A

5’ _4” = 64 16 86 357 .3 11 .82  9. 358 0.752

i2’ -6” = 150 102 172 4.396 1.311 1 .038 0.589

17’ -6” = 210 162 232 1.292 0.711 0.563 0. 587

25’ -0” = 300 252 322 0. 385 0. 388 0. 307 0. 587
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